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Introduction

The problem of gamma-ray lasing attracts attention of many explorers for more than three
decades [1-3]. Solving this problem will -

-extend the basic principle of induced beson emission, successfully applied in the optical
laser physics, to a new class of quantum oscillators, namely, nuclei and antiparticles;

-open up opportunities for using in modern science and technology a new energy range of
coherent photons, namely, keV and even MeV;

-introduce into practice a new type of nuclear reactions, namely, the chain reaction of
induced radiative transitions.

I believe that progress in this field will give birth to a new branch of science and technology

- QUANTUM NUCLEONICS - that should extrapolate quantum electronics and non-linear

optics into new range of high photon energies and new quantum amplifying media.

The interest in achieving induced emission of gamma-rays has frequently peaked in the
intervening years. The very first maximum of efforts arose in the early sixties when preliminary
treatments were made independently in Russia [4,5] and in the USA [6,7]. The second peak
arose in 1974. In Russia this peak was initiated by the efforts of a brilliant scientist Professor
Rem Khokhlov, the Rector of the Moscow State University. Unfortunately this promising
period ended in 1977, when Khokhlov, an enthusiastic mountain-climber, perished in the
Pamirs range.

Today we record a new peak of interest, perhaps the most significant in terms of
experimental investigations. This period has been marked by the world’s first experimental
approach to one of the most important side of the problem, the pumping of nuclear isomers.
This has been undertaken by the group of Professor C.B.Collins from the Center for Quantum
Electronics of the University of Texas at Dallas [8].

Gamma-ray lasing is a very diverse interdisciplinary problem involving many independent
keystone tasks. One may group them into two big main parts:

Part A:
Development of the methods for preparing the amplifying media, including the pumping
isomers by proper nuclear reaction, isotope separation, metastable isomer selection, etc.

Part B:

Actualising the efficient nuclear chain reaction of radiative transitions, or in other words,
gamma-ray lasing. This implies the tasks of raising the gain, exceeding the threshold,
elimination the line broadening, building up the feedback, etc.

The greatest positive impact upon feasibility of solving the problems of Part A and the
whole gamma-ray lasing problem has come from astounding discovery of giant resonances for
non-coherent pumping isomer nuclei made by the team of Professor Carl B. Collins (the
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University of Texas at Dallas) eight years ago [8]. An integrated cross-section exceeding by
several orders of magnitude the usual value has been found for various long living isomers, for
instance '**Ta, '"®Hf, etc. These unique nuclear transitions are called among Russian scientists
the Giant Texas Resonances (GTR).

Just this experimental success opens the gate for moderate breakthrough expectations and
forces us to andlyse the feasibility of solving-the problems of Part B. Consequently in present
analysis we will pay attention strictly to some aspects of the lasing process itself. Such
approach radically contrasts to the another experimental task of counting the solitary events of
stimulated emission of radiative gamma-transitions. The latter type of experiments (if the
opportunity of strengthening the effect is not evident) is only of methodological interest
because there is, of course, no necessity to verify the applicability of the general laws of
stimulated emission of bosons to the nuclear transitions.

It is well known that two main factors to be increased for attaining the sufficient gamma-ray
gain are the degree of nuclear state inversion and the ratio of natural radiative linewidth to the
total linewidth including various homogeneous and unhomogeneous broadenings. The task of
rising the degree of inversion belongs mainly to the Part A problems. But what about the
second task, namely the increasing the linewidth ratio?

Let’s recollect that beginning with very first Russian and American proposals, the main
concepts of stimulating the gamma-ray emission were based on making use of Moessbauer
transitions in nuclei embedded in solid matrix. The only, but very important merit of this
approach is the possibility of minimising the spontaneous linewidth down to the natural
radiative value. At this point it is best to review some well-known facts about such transitions.
When the temperature of the crystal containing the active nuclei is high compared to the Debye
temperature, the gamma-transition line is spectrally split into two lines. These are the emission
line for excited nuclei and the absorption line for unexcited ones. Both lines are
unhomogeneously broadened by thermal motion and other factors. If the line splitting equal to
twice the nuclear recoil energy exceeds the unhomogeneous broadening a spectrally local
inversion of nuclear population may occur, even without the presence of an overall inversion of
excited nuclei. Therefore gamma-ray gain is positive but small because the ratio of the
homogeneous (natural) radiative line width to the unhomogeneous width is very small. In the
low temperature limit the line splitting does not exist and recoilless Moessbauer emission and
absorption can take place. Then the line width ratio is approximately equal to unity but an
overall inversion of excited nuclei must be present to achieve gain. Thus the gain is again small
when the inversion is not sufficiently large or even negative when an inversion is absent.

The opportunity of Moessbauers’s approach must be paid by numerous well known
complications inherent in general for the solid state that are not surmounted until today. For
example, an unbroadened Moessbauer’s line of natural width can not be realised for isomers
with too long lifetimes (say, for the lifetime exceeding tens of microseconds) because of crystal
structure unhomogeneity, as well as another reasons, that grow catastrophically under the
influence of intense pumping of any kind. From the other side the lifetime needs to be longer to
reduce the requirements for pumping intensity. So some kind of vicious circle arises.

Therefore it is of interest to explore in parallel to the well tramped Moessbauer’s path various
bypasses departing from the necessity for solid matrix. All the versions discussed make use of




free nuclei especially collected in particle beams of various kinds. So one of the main purpose
is the overcoming the negative influence of random thermal motion on the photon gain.

I. Stimulated emission from monokinetized nuclear beam
with hidden inversion [9-14]

-

Spectrally local or hidden inversion and the threshold condition in free nuclei populations

What will happen when an ensemble of free nuclei is cooled? The nuclear recoil
accompanying any hard-photon radiative process causes the splitting of emission and
absorption lines. So, if the temperature T of free nuclei is low enough

kT < E*/2Mc* In(n, / n,) ¢))

it is possible to obtain a local inversion over part of the spectral line without a total excess of
the concentration of excited nuclei n, over that of unexcited ones n, (neglecting state
degeneracy) [9]. Here M is the mass of nucleus, E - the transition energy, k - the Boltzmann
constant, ¢ - the speed of light. It should be remarked that optical lasers with spectrally local
(or hidden) inversion of different origin have long been in use (for instance, semiconductor
diode lasers). As follows from Eq. (1) a deep inversion can be easily achieved when the
temperature is less than one Kelvin (7< 1 K). Say, for mass of nuclei of one hundred (Mc =
100 GeV) and for photon energy equal to £ = 10 keV the spectrally local inversion at the
center of the emission line is achieved at temperature 7 = .5 K, if the concentration ratio is
equal to n/n, = 10, that is by many orders of magnitude lower than the concentration -
required for total inversion.

Simultaneously the line width decreases drawing nearer to the natural homogeneous value
and the gain grows. But much more deep cooling down to the submicrokelvin range is needed
to maximise the growing linewidth ratio and to overcome the threshold

kT <2nM[c* A0, | Exn]? @)

in other words, to ensure the excess of gain over the photon losses of any kinds ( 7 is the total
concentration of nuclei, x¥ - the total cross section of the photoeffect and the Compton
scattering, Aoy<Ao, - the natural radiative linewidth, Ao - the Doppler linewidth) [9].

So the beam cooling is the central point of this approach. But fortunately, in fact, there is no
need to implement truly thermodynamic cooling of the nuclei to lower the negative influence of
Doppler broadening on the photon gain. Ensuring high monokineticity of nuclei with respect
to the translational degree of freedom coinciding with the expected direction of the gamma-ray
flux by any feasible method is quite adequate solution.

Preparing the monokinetized and dense nuclear beam




To achieve the monokinetized nuclear beam may mean the use of various known methods
of laser-light pressure that can provide an effective temperature in the nanokelvin range [15],
but needed to be improved in order to rise significantly the particle concentration.

Another combined methods involve an electrical acceleration of ions accompanied by
optical laser selection of their velocities [16,17]. The laser light plays here the role of
Maxwell’s demdn determining the particle velocity, whereas the electric field executes the task
set by this demon.

For instance, let’s accelerate negative ions with random initial velocities by an external
electric field. Photodetachment of an electron by the narrow-band laser beam becomes possible
as result of Doppler effect only when the individual ion velocity reaches a threshold value.
Resulting neutral atoms continue inertial ballistic motion with this threshold velocity common
to all the atoms originated from the negative ions.

In another version atoms with random velocities are ionised by a laser with frequency
linearly varying in time. Due to Doppler effect ionising befalls at the different moments
depending on the individual atom velocities. So the ions are accelerated by an external electric
field during different time intervals. The velocities of all the newly formed ions are almost the
same for some specified field, that is proportional to the rate of frequency variation and the
atom’s mass.

But the pure electric methods probably are the simplest ones. When ions are accelerated by
an electric field the longitudinal velocity spread drops drastically due to the quadratic
dependence of the kinetic energy on the velocity [9]. The new longitudinal temperature after
acceleration over the voltage U/ is equal to

kT =(kT,)*In2/ 4eU 3)

where 7, is the initial temperature, and e - the ion charge [9]. For instance, the 100 kV
acceleration (U =100 kV) reduces the temperature from 7, =80 K down to 7=1 microkelvin.
There are of course some limitations in this cooling process caused by the ion-beam space
charge, the Nyquist noises, the second-order Doppler effect, the intermolecular forces, etc. [9-
11].

Unfortunately the possibility of solving the task of the beam-density enhancement arising in
parallel to the cooling problem is not evident today. The known useful methods of electron
optics and laser assisted compression might be complemented by the ballistic focusing of
neutral particles [9,10]. This method includes the electric field for setting the proper initial
conditions to the parent negative ions and the optical laser for electron photodetachment to
neutralise them. Then the neutral atoms with almost unperturbed initial conditions move
unhindered by Coulomb repulsion along the trajectories coming together and the beam density
rises.

For example, let’s consider acceleration of the rectilinear fragment of the negative ion
beam with ring-like cross-section between coaxial cylindrical electrodes. The radial pulsed
electric field imparts to all the ions the radial velocity component directed toward the axis.
Than the optical laser beam performs photodetachment of electrons. The subsequent motion of
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neutral atoms toward the axis takes place without any influence of any external fields and
also without Coulomb repulsion. This ballistic motion is accompanied by concentration
increase.

Estimates show an expected density enhancement of 1000.

4

Total gain overthe whole beam length

If the lifetime of metastable state is long enough (say, exceeds significantly the microsecond
range) the beforehand pumping and supplying the excited nuclei from hot zone are possible. In
this case spontaneous decay of the metastable isomers with the lifetime <(Awy)" limits the
optimum beam length

L =uzrln(n,/ n,) @

where # is the translational velocity of the beam, and n,, - the threshold concentration of 7, that
follows from Eq. (2) by converting them to an equality .

The total gain over this length reaches its maximum [9,10]

G~ exp[mcur(f—z— ~InZ2 - D] 5)
th nth

But it should be noted that the long lifetime demands very deep cooling down to
submicrokelvin value.

So the whole scenario will require the following sequence of operations: forming a beam of
metastable isomers and rapid supplying them from the hot pumping zone; deep beam cooling
and compression,; and finally realisation of stimulated gamma-ray emission in prepared cold and
dense beam.

Numerical example for hypothetical isomer with the charge of 20, photon energy equal to
E =2.5 keV, lifetime of t =1 microsecond monokinetization by acceleration up to the particle
energy eU=100 keV reduces the temperature from 7, = 4 K down to 7 = 2.5 nanokelvin;
positive gain over the beam length L = 180 cm arises when the current density of the parent
ion beam exceeds 1 A/cm? taking into account a density enhancement of 1500 [9,10].

Another most important version making use of short living states in isomer nuclei excited
through Giant Texas Resonances (GTR) is  a very attractive one because of the opportunity to
provide intense non-coherent photon pumping almost simultaneously and in parallel to the
lasing process itself. This significantly lowers the beam-cooling requirements needed for
drawing nearer to unity the linewidth ratio. For instance, the subnanosecond lifetime demands
the longitudinal beam “temperature” of millikelvin range and the beam acceleration up to
hundreds electronvolts.

Critical number of excited nuclei [Appendix 4]

-
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Bearing in mind further first experimental tests it is of importance to estimate the critical
number of excited nuclei which provides the reliable observation of the amplification effect
superimposed on the spontaneous background [Appendix 4]. Thls number appears to be
surprisingly small (approx. 10%, concentration being approx. 10" cm™ and equivalent ion
beam current approx. 70 mlcroA) and does not contradict with today experimental
possibilities for'both mentioned methods of nuclear ensembles monokinetization (electrical
acceleration of nuclei and cooling by various modern methods using the optical laser light
pressure). The amplification zone possesses the fiber-like configuration with micrometer cross-
section diameter which is allowed by diffraction limitations because of the wavelength

smallness.

The calculation of the critical number of nuclei is based on the mirror free model of an
amplification channel taking into account not only the diffraction effects but also the inherent
photon losses and the process of induced breeding the initial gamma-photons of spontaneous
origin and the decrease of the concentration of excited nuclei.

The unexcited nuclei may be more numerous in the nuclear ensembles with hidden
inversion than the excited ones. This strongly rises the gamma-photon losses in the
amplification channel caused by the photoeffect and Compton scattering on atom electrons
and consequently heighten the lasing threshold. We consider the ways to elimination of this
negative influence using the recoil effect caused by transfer of the pumping photon momentum
to the excited nucleus which obtain the additional velocity in the direction of pumping flux.
This results in the Doppler shift between the transition energies and ionisation potentials of
atoms with excited and unexcited nuclei. The typical relative shift (10° ) exceeds significantly
the thermal spread. Thus this shift can be used for separation of atoms with excited and
unexcited nuclei by known methods of optical laser ionisation in on two-steps process. Such
cleansing lowers the gamma-threshold more than by one order of magnitude.
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IL. External ignition of gamma-ray giant-pulse emission

Elimination of negative influence of random particle motion on the gain making use of

two-photon stimulated process
4

-

This approach is also based on the elimination of the pernicious influence of random motion
of free particles, but does not demand any cooling to involve into stimulated emission all the
particles with randomly distributed individual velocities. It uses all the experience gained in
two-photon sub-Doppler optical spectroscopy. Excited states suitable for such experiments are
those for which two-photon transitions are competitive with one-photon decay channels [11-
14].

Let's consider the stimulation of radiative two-quanta transitions in free nuclei by two
counter propagating external photon beams. It can be seen from the laws of energy and
momentum conservation that the total energy of both photons emitted in opposite directions is
given by equation

u_(héw)®

WMw,+w,)=FE +héw
(@, +@,) c  2Mc

(6)

where @, and o, are the photon frequencies, dw = @ -w, - the frequency detuning, u - the
longitudinal random velocity of the nucleus. The latter term is due to recoil. Supposing the
homogeneous line-width Aw, to be extremely small (4w, = 0), one can see that the motion of
the nucleus with arbitrary random velocity does not violate the resonance condition between
radiation and nuclear transition only if detuning is zero (6w = 0). Thus all the nuclei with
different random velocities are included in the process of stimulated emission into central mode
with zero detuning 6w = 0 and @, = @,. If we take into account the finite homogeneous line-
width Aa, the total number N = ¢/4u>>1 of pairs of such modes situated in allowed detuning
interval 6w, = Aw (c/Au) is inversely proportional to the width of velocity distribution function
Au.

Therefore the spectral distribution of two-photon emission stimulated by two external
photon beams propagating in opposite directions features a narrow peak at E/2, which
corresponds to increased rate of emission fed by all the nuclei independently of their random
velocities because the frequencies of stimulating beams possess identical Doppler shifts of
opposite signs. The gain in this narrow spectral band tending to natural linewidth noticeably
exceeds that in spectral wings where only small fraction of total amount of randomly moving
nuclei acts in emission process in each given frequency interval. The ratio of corresponding
gain coefficients approximates the ratio of Doppler width to the natural width being of several
orders of magnitude [11-14].




Two-quanta amplification of counter propagating photon beams

The stationary two-quanta amplification of two counter propagating photon beams with
densities 7 and I* and spectral width Aw, within the interval dw, is governed by simple rate
equations with the product of both beam densities at the right sides

-~

——=,B(n2—n1)11*

—d’——ﬂ(n I ™

where b = const [cm*xs]. The terms corresponding to spontaneous and spontaneous-
stimulated emission and to photon losses are omitted in the case when the product II* is high

enough [12].

Egs. (7) lead to

Z_j:ﬂ(nz_nl)l(c—l) ®)

where the concentration difference is equal to

n,—n, = o
Pl 1+nCc-1)/1;

®

and

C=I1+I"=1,,+1,=1I,+1I,=const (10)

out

Here I _and I, are the input densities of external igniting beams, /  and J ~. - the output

beam den51t1es n, - the initial concentration difference when /= =0, I the saturation beam
density that depends on the used pumping scheme.

The result of integration of Eq. (8) is the transcendent equation for the net output

[n :Iaut _ngn = Iout _]ign

I, 1, 1 I I I
B e )] nf( 2+ D) u+ )]+ = pn ] L
[ 1T ( u)] nl( )( 7 H )] i Pyl (11)

ign ign 5

where p=1,,/1I,,.
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FIGURE 1. Normalised2 net output 1 /I, versus product bn [ L
(curves 1 - (Iign/ls) =5, curves 2 - (],,g"/]s) =.01)

Its solution presented in Figure 1 shows the ambiguity of dependence of normalised net
photon output / /I on the medium activity (product bnJ1): The curves possess the S-like
form. So one can expect the avalanche-like jumping behaviour of the output intensity
accompanied by devastating the excited states and emission of giant gamma-ray pulse if the
initial concentration difference n, reaches some critical value.

Of course, the jump process itself is beyond description by stationary solution (11). But the
enormous value of jump manifests almost full transformation of the energy of inverted states
into coherent gamma-radiation. The nonlinearity deepens and the output jump grows if the
ignition asymmetry increases (u>>1).




Non-linear mirrorless dynamic feedback due to stimulated two-photon emission

Such kind of burst generation of coherent gamma-photons is due to the special type of
dynamic distributed feedback arising in the two-photon emission induced by two counter
propagating beams. Setting up of this non-linear dynamic feedback with the coupling

coefficient

4
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1dl” .
p=r——=f(m-m)I (12)

proceeds in each event of two-photon stimulated emission because all the new photons hit
perfectly the wanted modes of opposite directions. One can also pay attention to the presence
of a standing wave (the first feedback symptom) in this process. Such dynamic feedback
inherent to the two-photon induced emission without any mirrors is important because creation
of reflecting structures for the gamma-ray range is a very complicated task [12-14].

Some remarks on the gain and various kinds of line broadening

The gain constant b of two-photon emission stronzgly depends on the level scheme of the
nucleus due to the resonance denominator (1-2E, /E) , where £ is the energy of the interjacent
level between the lasing levels.

If the detuning in the denominator is too small, the stimulated two-photon transition
degenerates into two independent single-photon transitions in series. Therefore the
denominator must sufficiently exceed the Doppler width [12]

(1-2E,/ E)*>>2(kT / Mc?) In2 (13)

To eliminate the time-of-flight line-broadening and the collision broadening one must
demand the fulfilment of the following inequalities for the reactor dimensions / and the total
concentration of nuclei #:

1 >>———3kT / Mc? (14)

Aw,

n<<(A4w,/ coc)NMc*/ 3kT (15)

(o being the collision cross section) [12-14].

The second order Doppler broadening must be much smaller than the homogeneous line
width dw;:

20( kT / Mc?) << Aw, (16)
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Actually the Doppler broadening may be caused by random velocities gained by the nuclei
during the pumping (besides the influence of the thermal motion). For instance, the non-
coherent X-ray pumping with the photon frequency @, causes additional effective
"temperature" [12]

kT, ~ (h‘cop)2 | Mc* <kT (17)

External two-photon ignition of the nuclear emission of giant gamma-ray pulses

Thus external ignition of two-quanta radiative process stimulated by the counter
propagating photon beams triggers the common emission of the giant pulse into wanted mode
by all the nuclei with different random velocities due to arising of intrinsic dynamic non-linear
distributed feedback without any reflecting structures. Resulting efficiency of the emission
process on the whole may be very various depending on the competition of the positive effect

~ of eliminating the Doppler line-broadening and the negative influence of turning to the second

order transition.

It should be pointed out that unfortunately all the known today gamma-ray sources are not
up to the mark in the respect of the needed value of the igniting beam intensity even in the
case of hypothetical “lucky” nucleus that, of course, might not exist at all. Therefore this
method may be useful only to emit the giant burst of gamma-quanta by the final stage of some
amplifying chain, for instance, in series with X-ray or gamma-ray laser, relativistic undulator or
free-electron laser and so on. The new alternative approach of solving the problem of igniting
source of noncoherent X-rays is discussed in Chapter IV.




III. Igniting the burst-like annihilation by external soft photons
[Appendix 5]

Triggering stimulated annihilation bf relativistic electrons and positrons or
parapositronium atoms

Antimatter is the perfect source of states with negative temperature [18]. One-photon
radiative annihilation of free particles is completely forbidden, that manifests an important
contributory factor for applying the two-photon ignition method described above to emit the
giant pulse of annihilation radiation. However in contrast with the previous nuclear case the
elimination of particle-motion effect on the efficiency of stimulated annihilation is not attainable
because of the complete disappearance of both emitting particles.

The smallness of the particle masses m leads to another positive point: it is possible to lower
the requirements to the igniting photon source making use of relativistic motion of small-mass
particles to transform the photon frequency, beam divergence and beam density [19]. In fact,
the resonance condition for stimulating of one step of two-photon transition by soft photons
can be carried out due to Doppler effect, if electrons and positrons or paraposxtromum atoms
[20] move along a coincident trajectories with the energy per particle me’ ¥, where ¥ satisfies

y+@* =D =mc® / hay, (18)

and one of two counter propagating beams of igniting photons with the frequency w_ is
directed opposite to the moving particles. For instance, the particle energy should be equal to

mczy ~ 260 MeV (y ~ 500) when ha):gn = 5keV.

Simultaneously the beam density of photons acting in the igniting process in the co-ordinate
system travelling with the particles increases mc* / ha);n ~ 1000 times. Besides this almost

all the radiation from the isotropic igniting source is collected into the wave-vector cone with
the solid angle '

A0~y (19)

around the longitudinal %xis of the same travelling co-ordinate system, that is for the same
example into 402~ 4.10" steradlaﬁns This means, for instance, that the high-temperature laser
plasma with X-ray brightness 10 photon/cm s.steradian in the frequency band Aw/w=10-
[21] lgsullds up in the particle co-ordinate system (»~500) the narrow beam of bnghtness equal
to 10 photon/cm .s.steradian. ~ L

Of course, only one step of two-photon annihilation transition deals with all these positive
factors. To stimulate the second step the photon energy of counter propagating external
igniting beam must reach the enormous value equal to




ha,, =mc’[y +(r* =D 1=hoyly + (7" -D"] (20)

(in discussed case @, / @,= ,106 and A®,,~.5 GeV).But fortunately in fact there might be

no need in the second external igniting source because the exactly fitting photon beam arises in
the moving electron-positron medium due to spontaneous-stimulated radiative annihilation
caused by first igniting beam [19]. In such radiative transition external field induces only one
step, whereas the second photon is emitted spontaneously. But these spontaneous photons are

emitted into narrow frequency band around the mc® /h and narrow wave-vector cone
around the longitudinal axis opposite to the first igniting beam according to the laws of energy
and momentum conservation [19]. They play the role of the second counter propagating
igniting beam. Of course, its intensity is much smaller than that of the first one. This increases
the ignition asymmetry and consequently deepens the nonlinearity of the whole process, but
does not eliminate the possibility of the giant-pulse emission.

Unilateral emission of GeV-photon giant pulse

The frequencies of emitted annihilation photons coincide, of course, with the igniting ones.
So

a)oul = a)ign = [}/+(}; _1)1/2]2 a):ut >> a):ul = a):gn (21)
and consequently the energy net output
P=ho I =[y+@*-D"FP (22)

is strongly asymmetric in spite of the equality of photon net output /=/*. This means that
almost the whole energy of gamma-ray giant pulse is emitted unilaterally in the direction of
relativistic particle motion.

Triggering stimulated three-quanta annihilation

Triggering the burst-like radiative annihilation is attainable also by ignition of three-quanta
stimulated process in the relativistic electron-positron beams or in the beam of
orthopositronium atoms. The conditions are almost similar to mentioned above ones. Emission
of two photons of summary energy equals in travelling coordinate system to the particle rest
energy and with coinciding wave-vectors is induced by an external photon flux with
relativistically shifted Doppler frequency. According to the laws of energy and momentum
conservation the third photon of the same energy is emitted strictly in the opposite direction.

Strongly non-linear three-quanta amplification of the counter propagating photon beams of
different frequencies sets up just like in the previous two-photon case. Integration of pertinent
system of stationary equations shows the ambiguous dependence of net output on the activity
parameter including the concentration of inverted states and the amplification length.




s

Just like the two-photon case this leads to the setting up of the non-linear mirrorless
feedback between counter propagating photon fluxes of different frequencies and to the burst-
like emission of giant gamma-pulse, when the activity parameter come to the critical value.
This critical value increases when the ignition asymmetry grows, but only in logarithmic slow
manner. It is of importance taking into account that igniting emission of photons with the
energy equal to the particle rest energy is carried out by weak photon-flux of spontaneous-
stimulated origin. '

It should be noted that the requirements for the particle-beam energy in three-photon case
are twice as lower compared to the two photon process.

{5




IV. Efficient pumping and igniting soui"cé of noncoherent X-rays [Appendix 2,3]

There is no chance to actualise any of considered scenarios without using very efficient
pumping or igniting source of noncoherent X-rays. So we explore the feasibility of
constructing such source based on the known process of frequency up-conversion of soft
photons by scattering on relativistic free electrons replacing the latter by relativistic beam of
oscillators being in resonance with the incident photons in the co-moving co-ordinate system.
This results in changing the very small Thomson’s scattering cross-section by a resonance one
and may lead to significant rising the efficiency of the whole process.

To create the relativistic beam of oscillators the accelerated electrons should be thrown
through the nonuniform transverse magnetic field formed, for instance, by two parallel currents
(one use two parallel superconducting wires ). -

The calculation [Appendix 2,3] shows that the efficiency of such resonance process is
approx. 10° time higher than in the usual Thomson’s case. The expected brightness may
exceed that of synchrotron sources by orders of magnitude and typically reaches in nanometer
range the figures 10 - 10°? photons per cm.sec.sterad per unit of relative bandwidth.

Experimental tests of this device would be of practical interest not only for solving the
Gamma-ray lasing problem but for numerous various scientific and technological applications.
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V. Further R&D (proposals)

1. Development of experimental set-up for elaboration and test of an efficient X-ray
source based on put forward concept of frequency up-conversion of an electromagnetic wave
spontaneously scattered by the relativistic beam of resonant oscillators. This source emitting
the intense beam of hard photons with extremely high brightness into small solid angle would
be useful in many diverse branches of modern science and technology including the Gamma-
ray lasing problem.

2. Accomplishment of set of experiments aimed at observation and investigation of two-
quanta stimulated emission of a giant light-pulse ignited in the metastable excited atoms by
counter propagating external beams of resonant photons. These experiments should serve for
modelling by the atom transitions in the optical range the concept (put forward and
theoretically studied in this Project ) of two-quanta Gamma-ray lasing in metastable isomers
(or even in nuclei with completely forbidden one-quanta radiative transitions), and especially
for investigation of the complicated non-linear generation behaviour of such scheme with
predicted bistability, emission jumps, and mirrorless dynamic feedback. The eventual results are
of importance for laser physics in general.

3. Elaboration of the computer program for search of the optimal nuclear candidate for first
experiment on Gamma-ray lasing based on proposed scenarios and by means of the Table of
Isotopes (for instance, the Tables edited by R.B.Firestone and V.S.Shirley from LBNL, Eighth
Edition).

4. Experimental development of methods of preparing the deeply monokinetized (“cooled”)

fibber-like nuclear ensembles (atoms and ions in traps and beams) based on modern
achievements of the particle beam optics and optical laser assisted particle manipulation
technique.

5. Elaboration of the draft Project of first laboratory set-up for testing the schemes and
scenarios of Gamma-ray lasing experiment based on free nuclei concept studied in this Project.

* %k

And finally we would like to draw attention to important side of the nuclear lasing problem,
namely, the opportunity of power production. This was pointed out yet in the early proposals
of 1961 [4]. The notion that the gamma-ray lasing is in effect the nuclear chain reaction was
reflected by the title of probably the very first research report on the problem “On the
Possibility of Realisation of Chain Reaction of Induced Radiative Transitions of Excited
Nuclei” (1961) (Figure 2, also see Reference [5] in [22]). Energy stored in the metastable
isomers makes approximately the quantity of 50 MJ/g. This is two orders of magnitude lower
than the energy store of fission fuel, but three orders of magnitude higher than that of chemical
one. The merits and demerits of such intermediate position define the place of gamma-ray
nuclear chain reaction in the power production hierarchy. The main and decisive arguments in
their favour are of course the ecological ones: gamma-ray lasing does not leave the long living
radioactive waste.
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. Abstract—The method of external ignition of stimulated two-quantum gamma emission of free excited nuclei
by counterpropagating photon beams is considered. In contrast to one-quantum gamma emission of an ensem-
ble of nuclei with a Doppler-broadened gain line, in the case under consideration, virtually all nuclei, regard-
less of their random individual velocities, are involved in the emission of gamma quanta into a selected mode.
A specific dynamic distributed feedback, which is characteristic of stimulated two-quantum emission only and
which is established without any reflective structures, is revealed. Because of the nonlinearity of the feedback,
with a coefficient proportional to the intensity of the photon beam, excitation of nuclei is removed in an ava-
lanche-like manner, which is accompanied by the emission of a giant pulse of gamma quanta.

1. INTRODUCTION

Vain attempts to design a gamma-ray laser using
Mossbauer phononless transitions in nuclei embedded
in a matrix of a solid, which have been undertaken dur-
ing many years (e.g., see [1-4]), cause us to think of
alternative approaches to this problem.

In fact, the reason for considering the possibility of
using phononless nuclear transitions is associated with
the fact that such transitions provide an opportunity to
increase the cross section of stimulated emission by
narrowing the line width of spontaneous emission to its
limit through eliminating the influence of the thermal
motion of atoms. In this context, a Mossbauer line with
a natural radiative width can be considered as an ideal-
ized situation when the cross section of stimulated
emission ceases to depend on the matrix element of
transition and reaches its maximum.

It is unlikely that such an idealized situation can be
implemented in practice both because of various
sources of inhomogeneous broadening of nuclear lines
in solids, which are difficult to eliminate in operating
lasers, and because of homogeneous broadening due to
the presence of other, parallel to radiative transitions,
channels of relaxation of excited states (primarily
through inner conversion). In addition, it is impossible
to implement an ideal situation because the width of the
lower laser level is finite if this level does not coincide
with the ground state.

Therefore, in order to increase the cross section of
stimulated emission, we should search for the methods
to achieve the maximum narrowing of the spontaneous
emission line rather than seek for the conditions when
a phononless Mossbauer line with a natural width can be
obtained. Within the framework of such an approach,
there is no need to place nuclei in a matrix of a solid,
which considerably complicates the technique [1-4].

This brings us to the consideration of free nuclei in
gases and beams of particles [5-9]. ’

The main source of line broadening that is to be
eliminated in such a situation is a chaotic motion of
nuclei (including thermal motion). Analysis of the
required narrowing of a Doppler line corresponding to
a one-photon transition [5-7] by ensuring a monoki-
netic motion of nuclei in the longitudinal direction with
respect to the expected direction of the beam of gamma
quanta indicates the necessity of lowering the effective
longitudinal temperature of atoms or ions down to a
submicrokelvin level, which seems to be not impossi-
ble to date. However, there exists an alternative method
that makes it possible to eliminate an adverse effect of
the chaotic motion of nuclei [8, 9] and that does not
imply deep cooling. This method is based on a rich
experience of sub-Doppler two-quantum spectroscopy.

2. TWO-QUANTUM STIMULATED EMISSION
IN COUNTERPROPAGATING PHOTON BEAMS

As it follows from energy and momentum conserva-
tion in the emission of two photons with exactly oppo-
site directions of wave vectors, the photon energies fi,
and #w, are related to the energy E, = fiw, of the quan-
tum transition by the expression

(o, +®,) = Ey+hdw(u/c)
—(B8w)*/(2Mch),

where M is the mass of the emitter, 8 = ®; — @, is the
frequency detuning of counterpropagating photons, u is
the projection of the emitter velocity on the direction of
The wave vectors of the first photon, and c is the speed
of light.

Let us assume, first, that the homogeneous line
width Aw, of the laser transition is negligibly small

0
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(Aw, = 0). Then, as can be seen from (1), all the emit-
ters with any individual velocities (a chaotic spread of
these velocities causes inhomogeneous broadening) are
involved in the process of emission into the selected
central mode only when the frequencies of two photons
resulting from the two-quantum transition exactly coin-
cide with each other, ®; = @, = ®,/2, i.e., do = 0. If
3w # 0, only a part of emitters having the velocity u
determined by (1) contribute to the emission of a cer-
tain mode with ®; # ®,. As is well known, these simple
facts, which can be reduced to the compensation for the
first-order Doppler frequency shift for counterpropagat-
ing beams of photons with equal frequencies, provide the
basis for the method of sub-Doppler spectroscopy.

Now, if we take into account that the homogeneous
line width of the transition Aw, is finite, then we find
from (1) that emission involving virtually all emitters
with arbitrary velocities is possible not only for the cen-
tral mode with ®; = ®, = ®,/2 and 8w = 0 but also for
a group of modes with 8 # 0. Each mode from this
group has a homogeneous line width Aw,. The admis-
sible frequency detuning for this group of modes is
determined by the requirement that the difference of
sum frequencies of emitted photons should not exceed
the homogeneous line width of the transition,

((D] + O)Z)max - (0)1 + (‘o?.)min < A(!)o, (2)

where the extremal values of frequencies correspond to
the maximum, u,,, and minimum, u.;, values of the
velocity distribution of emitters with a variance Au =
Umax — Umin- Then, in accordance with (1), the admissible
detuning is given by

|d@wy| = Awy(c/Au), 3
and the number of modes in such a group is
N = |80|/Awy = ¢/Au> 1. 4

In a certain sense, the detuning 8w, in (3) can be con-
sidered as a specific type of inhomogeneous broaden-
ing that does not exclude the overwhelming majority of
emitters from the interaction with the field of each
mode from this group.

Thus, when we irradiate an inverted ensemble of
nuclei with two counterpropagating igniting photon
beams produced by an external source, the spectrum of
stimulated emission displays a maximum with a
width on the order of |8,| (3) around the central fre-
quency ®; = ®, = ®y/2 (with an accuracy up to a small
shift —A(8wg)%(2Mc?), which is due to the recoil
effect). This maximum consists of N modes (4) with a
homogeneous width Aw, each and represents the con-
tribution of virtually all nuclei with all possible veloci-
ties of chaotic longitudinal motion. Beyond the limits
of the frequency range determined by (3), this maxi-
mum is observed against a lower intensity background
associated with emission of separate groups of nuclei
that belong to different parts of the nuclear velocity dis-
tribution.
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Thus, the above-described approach eliminates an

.. adverse effect of a nonmonokinetic character of an

ensemble of free nuclei without a deep cooling of these
nuclei. Simultaneously, as will be demonstrated below,
this approach makes it possible to establish an effective
feedback within the gamma range, where the creation
of mirrors or some other reflective structures encoun-
ters considerable difficulties.

3. AMPLIFICATION
OF COUNTERPROPAGATING BEAMS
OF GAMMA QUANTA

The steady-state amplification of counterpropagat-
ing beams of gamma quanta that belong to one of N
modes (4) in the considered group of modes with flux
densities I and I* [cm™ s™!] within the spectral band
Awy is governed by the equations

dl/dz = B(ny—n)II* +yn,(I + pl*)

+ Uo0n, — onl,

®

—dI*/dz = B(ny—n)II* +yny(I* + pl) ©

+ Wottn, — onl*,

where n, and n, are the concentrations of nuclei in the
upper and lower levels of the laser transition, respec-
tively, and n is the total concentration of nuclei. The
first terms in these equations describe stimulated two-
quantum emission with a coefficient  [cm* s]. The sec-
ond terms take into account spontaneous—stimulated
emission of the beams with flux densities / and I* into
the considered modes with a coefficient y [cm?]. The
third terms describe purely spontaneous emission into
the same modes with a coefficient o [s~!]. The last term
characterizes the total loss of photons from the mode
with a scattering cross section & [cm?]. The factors p =
AQ/4m and Py = pA®,/ @, specify the fractions of pho-
tons emitted into a solid angle AQ that covers the
modes of the beams 7 and /* and into the band with a
homogeneous width Aw,, respectively. The longitudi-
nal coordinate z is chosen in such a manner that z =0
coincides with the center of the gain region of length L.

A positive gain with dI/dz > 0 and —dI*/dz > 0 is
achieved if

B(ny—n)II*
>(1/2)[on—yny(1 + W)I({ + I*) — pyotn,.

)

Hence, if the intensities of the igniting photon beams
satisfy the equality I = I* = [; at the input of the gain
region, we find the following threshold condition of
ignition: .

_on—yny(l+1)
= —¥ .

Bng

Since the factor y, is small, we omitted the last term in
(7), which is responsible for spontaneous emission.

~ 1,>1, (8)
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The quantity ny = nyy — ny in (8) stands for the initial

value of the inverted population, and #n,, is the concen- ..

tration of excited nuclei in the upper level of the laser
transition in the absence of an igniting photon beam.

If the beam intensities / and /* are much higher than

the threshold level determined by (8), so that IT* > 13 ,

inequality (7) becomes so strong that we can keep only the
first terms in (5) and (6). Then, we have d(I + dz =
and I + I* = I; + I; = const, where [; is the mtensny of
the beams / and I* at the output of the gain region, i.e.,
at z=L/2 and z =-L/2, respectively. Correspondingly,
equation (5) is reduced to

dl/dz = B(nz-nl)l(1i+IL—I), (9)

and the steady-state inverted population difference for
the laser levels is given by

no
1+ 115 /17

where the saturation parameter /; depends on the specific
configuration of levels and the method of pumping.

(10)

Ry—hy =

4. DYNAMICS OF AMPLIFICATION
IN A TWO-QUANTUM PROCESS

Integration of equation (9) with allowance for the sat-
uration of excessive population (10) yields a transcen-
dental equation for the pure output intensity Iy = I — [;
emerging from a gain region of length L,

Iy Iy Iy _
2(7-'1"21:) In (1 +1)+I— = ﬁnOIxL.

5 1 s

amn

Figure 1 displays the dependence of /I, on the prod-
uct BrylL found from this equation, with the squared
ratio (I;/1,)* taken as a parameter of a family of curves.

Iyl

Figure.
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The specific features of these curves are the lack of one-
té-one correspondence and a hysteresis character. For a
sufficiently high ignition intensity, (I;/1,)* > 0.025, the
output intensity Iy/I; displays a smooth increase with a
growth in Bryl L. Note that the growth rate of Iy/I,
becomes greater with an increase in I,/I,.

An ambiguity in the considered curves that occurs for
a low intensity of the igniting photon beam, (I,/I,)* <
0.025, decreases the growth rate of Iy/I; in the 1mt1a1
section of the dependence. As the argument PnglL
reaches its critical value, the output intensity is
switched to the upper branch of the S-like curve in an
avalanche manner. This process is accompanied by an
abrupt devastation of the population (obviously, steady-
state solutions do not describe this effect), which gives
rise to the emission of a pulse of gamma photons.

When Bnol,L decreases and approaches unstable
sections of the curves, shown by dashed lines in Fig. 1,
an evolution of Iy/I; may be accompanied by a hyster-
esis with a jump downward.

The critical value of the product (Bnyl/,L)., that cor-
responds to an avalanche-like jump is determined by
the condition d(Iy/I)/d(Bnyl L) = . With allowance
for (11), this condition yields

(Brol,L), _ 1 (IN)

2 Uy +I7L I

I
7 (12)

As can be seen from this relationship, there are no critical
points for Byl L < 4 at any value of the parameter I/I.
Provided that Bny/.L > 4, critical points occur for suffi-
ciently small [,/I,. Within the most interesting range of
large avalanche-like jumps, where (Bny/.L)., > 4, we
can estimate the required intensity of igniting pulses
assuming that (Iy/I).. = 0 at the lower starting point of
the jump,

L/I; = 2/(Bnol,L),. (13)
Discontinuities and hysteresis in dependences
shown in Fig. 1 are due to the dynamic distributed feed-
back, which arises in induced two-quantum emission in
counterpropagating photon beams. =

5. DYNAMIC DISTRIBUTED FEEDBACK

One of the most complex problems that arise when
we analyze the possibility of creating a gamma-ray
laser is associated with the necessity to implement pos-
itive feedback for electromagnetic radiation where the
energy of photons exceeds tens of kiloelectronvolts.
Proposals to use Bragg reflection in single crystals for
creating mirrors and establishing distributed feedback
[1-3, 10] have not received acceptance thus far.

Within the framework of the approach under consider-
ation, one can also solve the problem of distributed feed-
back because such a feedback is inherent in stimulated
two-quantum emission in the field of two counterpropa-
gating beams of photons with equal frequencies [11].
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Such counterpropagating beams produce a standing

wave in the amplification region (the main attribute of ..

a feedback) in the absence of any mirrors or periodic
scattering structures. Formation of such a standing
wave does not require any material dynamic grating.

Indeed, conventional distributed feedback based on
a stationary periodic scattering structure [11] is charac-
terized by a nonzero coefficient of coupling p of coun-
terpropagating waves. This coupling coefficient is
defined as a variation in the photon flux density dI'* in
the backward wave within length element dz divided by
the flux density 7 in the forward wave,

(14)

In an induced two-quantum process in the field of coun-
terpropagating waves, the photon flux density in the
backward wave changes in each event of stimulated
emission. Because of intrinsic features of induced
emission, newly created photons are perfectly phase-
matched and are emitted into an appropriate mode.
Therefore, according to (9), the nonlinear coefficient of
dynamic distributed feedback in induced two-photon
emission is given by

p = Blny—n) I
and increases proportionally to I*.

15)

6. TRANSITION PROBABILITIES
AND LINE BROADENING

The probability of a spontaneous—spontaneous two-
quantum transition accompanied by emission of one of
the photons within the spectral interval dw; near the
frequency ®; per unit time is

dWss = W::f(ml)dwl’

-1 . . . . .
where W, = 1,, is the inverse lifetime of a nucleus in

the upper level with respect to a two-quantum radiative
transition. The line contour of the frequency distribu-
tion of emitted photons ;) normalized to unity is
written in terms of an integral over all admissible fre-
quencies ®, of the second quantum and over all emis-
sion directions of both quanta,

sl Zer (22

- (D2)dQ]szdm2

(S

C,0;

(16)

flo)) =
(2 )

X g(wy—

= -

The Lorentz function g(®w,— ®; — ®,) in (17) with a
frequency bandwidth Aw,, which is equal to the sum of
the widths of the upper and lower levels, takes into

a7
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account a resonant character of transition. For a pair of
electrically dipole quanta (E1, E1) with frequencies ®,

and ®, and polarization vectors e, and e,, (0;, 02 =

1, 2), the matrix element M;, is given by the sum over
intermediate nuclear states with energies E,,

(lleg,dIn)(nle, d[2)
M, = 2( E,—-E,-#w,

N (llecldln)(nleazdﬂ))
E,-E,-ho, )

If the neighboring intermediate level lies between the
levels involved in the considered 2 — 1 transition and
has an energy E; = fiw, measured relative to the energy
of the lower level 1, and the energy separation of this
level from the center of the energy interval correspond-
ing to the transition under consideration, |E; — Ey/2}, is
much greater than the width of this level, then the
matrix element (18) is a nonresonant slowly varying
function within the frequency band centered at @; = 00y/2
whose spectral width is much less than |@, — @y/2].
Using for these frequencies the estimate

(18)

J'[Z ]Mn[Z] dQ,dQ,
0,0, @)= 0y-0 (19)
4
- (3_?) Eigu —;egs)/Eo)z’
we derive
- ()G (-2)
(20)

oo(a/Ag)!
(1-2E./Ey)°

where A, is the wavelength of radiation with the energy
of quanta equal to the energy E, of transition under con-
sideration, 0 = €*(fic) = 1/137 is the fine-structure
constant, and a = 1.3 x 101343 c¢m is the radius of a
nucleus where the number of nucleons is equal to A.
Correspondingly, the coefficient o, which is involved in
equations (5) and (6) and which describes the contribu-
tion of spontaneous emission to the modes of counter-
propagating beams with frequencies close to half the
transition frequency, is given by

1

34 0Lo(a/ko)

= (2rn
= )9(1-2E/E0)

> 1)

~ It is convenient to define the probability of stimu-
lated—spontaneous transitions per unit time with the use

of the Einstein relationship A(®,)/B(®,) = %, /(733
for spectral coefficients of spontaneous emission, A(®,),

24
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and stimulated emission, B(®,). Indeed, according to (16),

the spectral coefficient A(®,) of spontaneous emission .

is equal to W flm,). Then, using the Einstein relation-
ship, we can derive an expression for the probability of
stimulated—spontaneous transitions with induced emis-
sion of photons within the spectral interval dw, near the
frequency ®,; (corresponding to the wavelength A,) per
unit time,

AW, = M/HWfo)l(0)do,  (22)
where I(®,;)d®, is the flux density of stimulating pho-
tons within the considered spectral band. Hence, with
the use of estimate (20), we can find an expression for
the constant vy, which is involved in equations (5) and
(6) and which includes the contribution of stimulated—
spontaneous transitions to the modes of counterpropa-
gating beams with frequencies close to half the transi-
tion frequency (A, = 2A,),

2 4
34_0g(a/ho) 22

Y = (2m) .
91-2E/E)* "

(23)

The probability of stimulated—stimulated transitions
with induced emission of photons within spectral inter-
vals do, and dw, near the frequencies ®, and ®, per
unit time is given by

AW, = (AL/4) A/ 4)W, f(®))

X g(wy— @ — 0,)[(®,) [*(®,)dw,dw,,

(24)

where I(®,)d®,; and I*(®,)d®, are the flux densities of
stimulating photons. Correspondingly, the constant
of stimulated two-quantum emission, which is involved
in equations (5) and (6), is written as (A; = A, = 2Ag)

8= (5) 5 e (25)

3) (1-2E/Ey)"

To take into account the motion of emitters, we
should include the Doppler shift of the frequencies ®,
and ®, in the right-hand side of (17). In particular, the
Lorentz functions should be replaced by the distribu-
tion function

g(w,—A(8®)’/(2Mc?) + dw(u/c) - o, - @,), (26)

which gives the relation between the frequencies of
counterpropagating quanta emitted by a nucleus with
the velocity projection on the direction of emission of
the first quantumn equal to u. Next, we should multiply
the derived expression by the probability that the veloc-
ity projection of a nucleus falls within the interval from
utou+du,

B M 172 Mu2
F(u)du = (m) exp(—m)du, 27
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where M is the mass of the nucleus and T is the temper-
ature of the gas, and integrate over all possible velocity
projections of the nucleus. This procedure yields a
Doppler-broadened line corresponding to the fre-
quency distribution of emitted photons.

However, we should note that, if the frequency
detuning 8w between counterpropagating photon
beams is not very large, so that

' 172
18| < |80y = Awyc/Au = Awy(Mc /kT)
(28)

where Au = (KT/M)'2 is the variance of the nuclear
velocity corresponding to the distribution function
(27), we can neglect the Doppler term dwu/c in the
argument of the Lorentz function (26) for the over-
whelming majority of the emitters.

Provided that, in addition, the term 7(8®)%(2Mc?) in
the argument of the function (26), which describes the
recoil effect in emission, is much less than the homoge-
neous width A, of the transition, which is true for the
detunings that satisfy the inequality

172
180] < Awy(2Mc’/BAwy) (29)

we can neglect this term as well.

Comparison of inequalities (28) and (29) shows
that, if 2kT > fiAw,, which is usually true for nuclear
transitions, the Lorentz function (26) for a moving
nucleus can be replaced by the Lorentz function for a
motionless nucleus. Then, the integration over all pos-
sible velocity projections u is reduced to the integration
of F(u) defined by (27), which yields unity. This
implies that stimulated emission into a group of modes
within the band (28) near the central frequency ®@,/2
involves virtually all nuclei in the gas. As a result, the
spectrum of stimulated emission features a maximum
with a width on the order of |8w,| = Awyc/Au near the
central frequency /2.

Note also that, for the overwhelming majority of
nuclei in a gas, the Doppler shift of frequencies of emit-
ted quanta should not exceed the frequency separation
from the neighboring intermediate level. Otherwise, in
analyzing the motion of nuclei, we should take into
account resonant denominators in the matrix element
M, (18), and the estimate (20) and, consequently, for-
mulas (21), (23), and (25) become inapplicable. In
addition, what is even more important, in the case of an
exact resonance, stimulated two-quantum transitions
do not offer the above-considered advantages any
longer because such transitions occur through two
sequential cascade single-quantum transitions 2 —= s
and s — 1. Thus, although it is desirable to ensure a
$mall denominator in the expression for the constant 8
of stimulated two-quantum emission (25), the detuning
from the exact resonance should be limited by a value
that is considerably greater than half the Doppler width
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of the line corresponding to a single-quantum cascade
transition,

(1-2E,/Ey)* > 2(kT/Mc*)In2
=12%x107%(T/4).

To be able to neglect the components of homogeneous
broadening due to a finite transit time and collisions, we
should require that the inverse transit time (A7)~ of nuclei
through the amplification region and the inverse time
interval between collisions should be small, (A7)~ < Aw,.
These requirements impose restrictions on the size of
the amplification region and the total concentration of
nuclei n,

(30)

172
L> u/Aw, = (c/A0)(BKT/McY) , (31

1/2
n < Awy/(Ggu) = (A®y/co,)(Mc*/3kT) , (32)

where u = (3kT/M)? is the root-mean-square velocity
of the thermal motion of nuclei and o, is the gas-kinetic
cross section.

Finally, the second-order Doppler broadening,
which is inevitable in a two-quantum process, should
be less than the homogeneous width,

A0 = wy(kT/Mc”) < A, (33)

Along with the thermal motion of nuclei, Doppler
broadening may be due to the scatter in velocities
acquired by nuclei in the process of laser pumping if the
time is too short for the thermalization of nuclei to
occur. Specifically, being isotropically pumped with an
incoherent source of gamma photons with an energy
fiw,, a nucleus acquires a momentum #wm,/c of an
absorbed quantum. The maximum possible velocity
difference is equal to twice the acquired velocity,
_ 2c(ho,/Mc?), which gives an estimate for the corre-
sponding effective temperature:

kT~ (h,)/ (M. (34)

7. NUMERICAL ESTIMATES

In this section, we present estimates for a hypothet-
ical “fortunate” nucleus with A = 150 and an intermedi-
ate level s lying between the levels involved in the laser
transition with a detuning |1 — 2E,/E,| = 2 X 1075, Then,
at 7= 300 K, inequality (30) would be satisfied even if
the right-hand side of this equality were larger by a factor
of ten. For such a detuning, expressions (23) and (25)
give the following estimate for the constant of stimulated
emission: § = (2.3 x 10 cm*)/ Aw,. For Ey = 10° eV, the
constant of spontaneous—stimulated emission is esti-
mated as Y= 2.4 X 1022 cm?.

In accordance with (8), the threshold spectral flux
density of igniting photons can be estimated as I,/ Aw, =
3 x 10" cm™, where we assumed that n,, = 0.8x and
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ng = 0.6n and took into account that the scattering of

. gamma quanta with an energy of about 50 keV mainly

occurs through photoionization of atoms with the scat-
tering cross section 6 = 6 X 1022 cm?.

With allowance for (13), the requirement I; > I; (8)
yields (noL).; < 3 x 10*! cm2. This inequality can be sat-
isfied, for example, with ny = 10!7 cm™ and L = 200 m.
For 6, = 1076 cm?, restrictions (31) and (32) give L >
(2.2 X 10* cm s71)/Aw, and n <€ (4.5 x 10" cm™ 8)Ay.
These inequalities do not contradict the chosen values
of the inverted population n, (the concentration of
nuclei in this case is n = ny/0.6 = 1.7 X 10'7 cm™) and
the size L of the amplification region if the emission
bandwidth meets the condition Aw, > 10°® s!. The
restriction (33) on the magnitude of the second-order

Doppler effect is reduced to the inequality Acog) =2X

107 s! < Aw,. An estimate of the effective heating by
pumping in accordance with (34) yields T = 10 K,
which is much lower than the temperature of the
medium, 7 =300 K.

According to (13), the critical spectral density of
the photon flux in the igniting beams is estimated as
I/Awy =43 x 10" cm™.

Finally, let us compare the estimated spectral den-
sity of the photon flux in the igniting beams with the
capabilities of the available sources of gamma radia-
tion. The spectral density of the photon flux in synchro-
tron radiation (within a solid angle of 107 sr) is esti-
mated as approximately 10 cm™ [12], which is many
orders of magnitude lower than the required value of
I,/ Awy,. Although X-ray lasers ensure a higher spectral

density of the photon flux, about 1015 cm2 [12], such a
spectral density of the photon flux is lower than the
required one by three orders of magnitude. In addition,
the pulse duration of radiation produced by X-ray
lasers is not sufficient to ensure ignition.

8. STIMULATION OF GAMMA EMISSION
FROM NUCLEI AS A METHOD
OF ECOLOGICALLY SAFE POWER
PRODUCTION

The horizons of using stimulated radiative processes
in nuclei for power production were discussed already
in the pioneering proposals on gamma-ray lasers. Spe-
cifically, creating a nuclear reactor that can be used as
a source of energy both in the pulse and continuous
regimes was indicated as one of the main applications
of the device proposed in [13].

In fact, operation of a gamma-ray laser is one of the
modifications of nuclear reactions, namely, a chain reac-
tion of induced transitions in excited nuclei. This circum-
stance was highlighted in the title of the first technical
report on this problem (see reference [5] in [14]).

The energy accumulated by excited states of iso-
meric nuclei is about 50 MJ/g (see table), which is
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Table ‘

Isomer 41Nb93m 47 Ag108m 67H'Olﬁém 72Hfl78m 73TalSOm 75Re186m 77Ir192m Bi210m
Lifetime, years 13.6 127 |12x10%| 31 |12x10%} 2x10° 241 3x 108
Transition energy, keV 30 79 75 262
Spin of the initial state 172~ 6 7 9- 9
Spin of the final state 9/2* 1 2- o* 1* i~
Multipolarity M4 MS5 E5 M8 E8
Energy content, MJ/g 31 70 40 120
Time of transformation of a prod- 0 2.4 min 27h 0 8.1h 91h 74 days | 138 days
uct into a stable isotope

approximately two orders of magnitude lower than the
specific energy content of nuclear fuel used in nuclear
fission and three orders of magnitude higher than the
heat-producing capability of hydrocarbon chemical
fuel. Advantages and drawbacks of such an intermedi-
ate position of energy released in gamma emission
determine the status of possible gamma-laser chain
reaction in the hierarchy of power production. The
main argument in favor of such a method of power pro-
duction is its ecological safety, i.e., the absence of
medium- and long-lived radionuclides in the products
of this reaction (see table).

Being implemented in the pulse-periodic regime,
the above-considered method of the external ignition of
a stimulated radiative nuclear reaction holds much
promise as one of the ways to solve the problem of eco-
logically safe power production.

9. CONCLUSION

The performed analysis reveals the main advantages
and drawbacks of the method of external ignition of
stimulated two-quantum emission from free excited
nuclei using counterpropagating photon beams. The
advantages and drawbacks of this technique can be
summarized as follows:

(1) In contrast to single-quantum emission in an
ensemble of nuclei with a Doppler-broadened gain line,
emission of gamma quanta into a selected mode
involves virtually all nuclei regardless of their individ-
ual velocities;

(2) A specific dynamic distributed feedback, which
is characteristic of stimulated two-quantum emission in
counterpropagating beams only, is established in the
absence of any reflective structures;

(3) Because of the nonlinearity of the feedback, with
a coefficient proportional to the intensity of the photon
beam, excitation of nuclei is removed in an avalanche-
like manner, which is accompanied by the emission of
a giant pulse of gamma quanta;

(4) At present, the implementation of such a process
is impeded by the absence of sources of igniting
gamma quanta with a sufficient intensity. Therefore, the
advantages of the proposed technique may manifest
themselves only in designing a final stage of a source of
gamma quanta (e.g., in an X-ray or gamma-ray laser,
relativistic undulator, free-electron laser, etc.) for pro-
ducing a short pulse of gamma photons with a high
peak amplitude.
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by Colliding Photon-Particle Beams
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The well known effect of enormous frequency Doppler shift arising when the soft photons
are scattered by relativistic electrons is extremely inefficient because of very small value of
Thomson's scattering cross-section.

Evidently the efficiency can be raised by many orders of magnitude using the process of
resonance scattering, that is replacing the electrons by relativistic beam of oscillators with
transition energy coinciding in the co-moving coordinate system with the energy of incident
photons. The beam of positronium atoms is a very first example, but the creation of such
relativistic beam of annihilating neutral atoms with sufficient density is a separate and very
complicate problem.

We narrowly consider an alternative eventual experimental scheme based on existing sources
of relativistic electrons which possess the needed resonance properties in the external static
electromagnetic fields and discuss all the set-up details. Rigorous calculations show that the
gain of eﬂicxency in comparison with the case of Thomson's scattering is more than 10" while
the frequency rises from GHz range up to the X-rays.

Persuasive experimental tests of proposed set-up would be of practical interest.
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Abstract. We analyse the feasibility of a high-efficiency up-conversion process based on the relativistic Doppler effect
arising due to the scattering the incident soft photons with the electron beam which acquires the resonance properties in the
static transverse magnetic field. Estimates predict the brightness of scattered radiation exceeding that of synchrotron
radiation by orders of magnitude.

The well known effect of enormous frequency Doppler shift
w, = uw, #47’w, ¢))

arising when the soft photons are scattered by free relativistic electrons is extremely inefficient
because of very small  value of Thomson scattering cross-section or = 6.65x10% cm?
( E = mc’y being the electron energy). Even too optimistic analysis of this process predicts the
quantum yield not larger than n=10"" [1]. The recent experiments in Berkeley National
Laboratory result in the yield figure approx. n =10"" [2].

Evidently the efficiency can be raised by many orders of magnitude using the process of
resonance scattering, that is replacing the free electrons by relativistic beam of oscillators with
the transition energy coinciding in the co-moving coordinate system with the energy of
incident photons. The beam of Positronium atoms is a very first example, but the creation of
such relativistic neutral and unstable (due to annihilation) atoms with sufficient density is a
separate and very complicated problem 31

It should be noted that electron beam of an usual undulator setup is not applicable for the
purpose under consideration because the electron behaviour in an undulator is in fact the
externally forced periodic motion, but not the true pendulum oscillations possessing the distinct
resonance frequency.

We discuss an alternative eventual experimental scheme based on existing sources of
relativistic electrons which acquire the needed resonance properties in the external static
nonperiodic magnetic field. Let us consider (only for the sake of simplicity, but not as an
optimized example) the relativistic electron beam propagating along the z-axis through the
transverse magnetic field B with two components
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B, ~ ~B,pcos2$
B, ~ ~Bypsin2¢ @)

r=Ap and ¢ being the polar coordinates of the cylindrical system (r, ¢ ,z) . This field is
created by two currents J parallel to each other and to the electron beam and divided by
spacing 2A between the axises of the round rectilinear conductors of radiusa; p =0 is the
electron beam position and p = 1, ¢ = £ /2 are the coordinates of the conductor axises;

B, = u°%A, u, =4n x10” Henry/m.

Such magnetic field creates a transverse parabolic potential well for the relativistic
electrons. So -the initially unbounded electrons convert into harmonic oscillators with the
resonance frequency equal in co-moving system to

B 1+a/24 7" B, 1+a)2A]"
~[2£"’i_ﬁx_y_a_;a/_} zo'l{ﬂ—a—/:l

1"m A A 1+a/A E l+a/A ®)
where
_B, A 1+a/A
™2 al+a/2A “)

is the maximum value of magnetic field in Tesla at p=1+a/A, ¢= i"z , @ is in THz,

a, A- incm, and e is the electron charge.

The quantum yield of photons scattered by such moving oscillators rises in comparison to
Thomson's case up to

M = 4ncr, N/ Aw, %)

where 1, =28x10""m is the classical electron radius, N is the total electron number per
unit area of the beam cross-section, and

2y (6)

is the unhomogeneous linewidth proportional to the relative electron energy spread A%.

We take here into account the effects of Doppler broadening, the slight ellipsicity of the
incident wave of frequency w, = m/ J- , and some other possible sources of the line
broadening.

Hence the quantum yield is equal to

f\
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where

A, =2nc/a1 @®

is the wavelength of the scattered photons in nm, Nis in cm?,and E inMeV.

The electron efficiency of the whole up-conversion process defined as the ratio of the
scattered photon beam power to the electron beam power is equal to

16w, 1S o o 1S

—_—

© 3mc® Ay/y Ay [y ©)

where the intensity of the incident photon beam S isin cm” sec” and the acting beam length
| isin cm.
The scattered beam divergence is characterized by the solid angle

AQ~ 7 - (10)
Hence the spectral brightness of the output photon beam

o ns
~ (Aw,/m)AQ (11)

is sufficiently high and typically reaches the value ®=10%+ 10 1/cm.sec.sterad.( Am%).

These figures exceed the brightness of synchrotron sources by orders of magnitude, but are
rather lower than the brightness of the X-ray lasers. Table 1 shows some quantitative
examples of considered up-conversion process.

Table 1
E ¥y Ayly 0 Brx | N | M| M n S AQ 1) k
GeV T |cm?|cm| nm cm?s’ | strad | l/cm®s*strad | %
19013.7%10°] 10°] 5.5%10°] 20| 10°| 50] 0.09] 2.6*10” 10®] 6*10"° 3*10%2| 0.6
0.1 2001 10°] 1.5%10°] 20| 10°|3.5] 230]3.5*10"] 10| 2*10° 10°] 0.6
0.1 200 107} 1.5%10° s 10°] 17| 460] 7+10*[ 10®[ 2*10° 2*10%] 0.6
401 7.8*10°[ 102] 2.5*10° 51 10%] 45| 18 10°%] 10%® 10°® 7*10*' | 0.6

Persuasive experimental tests of this process would be of practical interest.
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Appendix 3

P

HcnyckaHue xKecTKuX GoToHOB NpH CIIOHTAHHOM paccesiHuH

3ﬂempomarﬂnmoﬁ BOJIHbI HA peJlﬂT NBUCTCKHUX OCHHJIJIATOPAX
JLA.PuBaun
1. Beenenne

MeToabl FeHEpUPOBaHMA 3NEKTPOMArHUTHOTO H3JyHCHUA BBICOKOI MHTEHHBHOCTH
[IOTOKaMH CBOGOAHBIX 3NEKTPOHOB, MEPEMEIAIOLINXCSA B MAKPOCKOMUIECKUX JNIEKTPUICCKHX
M MarHMTHBIX TOJiAX, MOJIy4MJM LIMPOKOE PacrnpocTpaHeHHE B Mnkposbnﬂosom M Jaxe
uH(dpaKpacHOM JMana3’oHax (cm., nanpumep, [1]). BO3MOXHOCTE MNPOABIDKEHHMS ITHX
MeTOJI0B B Gojlee KODOTKOBOJIHOBYIO 4acTb CMEKTPa, BILIOTH A0 peHTreHOBCKo# obnacTy,
OCHOBBIBAETC HA MCIONb3OBAHUK YNBTPApENATHBUCTCKMX IJEKTPOHOB M AOCTATOUHO
CHIbHBIX MarHUTHBLIX nojieil. B camom zmene, xapakTepHOE 3HAUCHHE cO6CTBEHHOM 4acTOTHI
o KoneOaHuii JIEKTPOHA C MONHOi 3HeprueH E=mc’y, nepeMewiaomerocs BAOJb
BEKTOpa MAarHUTHOro Mojsi ¢ ungykuueit B coBnajaer no MOPSAKY BENHYHHBI (8
COMpPOBOXAAIOLIEHN JIEKTPOHBI CUCTEME KOODAMHAT) C WMKJIOTPOHHO# 4acTOTOH

w=w,=eB/m
_ Q)
(c -ckOpOCTb CBETa, € - 3apsaj M m - Macca anextpona). B pesynbrare sdpdexra Jlonniepa
4aCTOTa, U3/yuaeMasi TAKMM 3JIEKTPOHOM BJIOJIb BEKTOPA €ro CKOPOCTH, TPaHCIIOHMPYETCA B

nabopaTropHoii cucreme B

B
©, = %—gy(lh/l—y")zZ%—l—y ~0,7BE

@
rae B uvcneHHoM pasetcree @, B Tru, B B Tn u E 8 MbdB. Ouenkanpun E=1013B u
B = 20 Tn cocrassier @, = 4.10° Tru, 4TO OTBEYaeT MATKOMY PEHTTEHOBCKOMY
U3IYUEHHIO C JUIMHOM BONHBL A, = 13,5 uM u 3Heprueii kBanta hw, = 0,1 KB (manee Bo

BCeX YHCIEHHBIX BBIPXEHMAX B TEKCTE MCIIOJIbYIOTCH T X e/IMHULEI, & TEOMETPUHECKHE
pasmepbl B CM, BO BCEX NPUMepax B TEKCTe - Te e SHaUCHIs E nB).

B 3TOM CIEKTPaibHOM AUana3oHe TPYAHO, NO-BUANMOMY, HalleAThCA Ha 3aMeTHbIH ycmex
B TMOCTPOGHMM Ha YKasaHHbIX NpUHLMMNAX 3¢deKTUBHBIX ~ CaMOBO30YKHAIOWUXCA

reHepaTropoB MM yoMnMTeNell KOrepeHTHbIX KOJeOaHui, KOTOpbIe [aBHO yXe

3




GyHKUMOHHPYIOT B MMKpPOBOJIHOBOi 00acTu. ) Ckopee cnepyer oOpaTHTb BHUMaHHe ha
NpOLECCH CTIOHTAHHOTO PacCesHUs $oTOHOB Ha 3MEKTPOHAX, HanpuMmep, Ha M3aaBHa
W3BECTHBIl CMOCOD MOBBILEHHA YacTOTbl BOJIHbI, OTPAXEHHOH OT pENSsTHBUCTCKH
IBHXYLIIErocs 3epkaa.

Kak M3BECTHO, paccesiiie GOTOHOB Ha Yrojl 7T BCTPEHHBIM My4KOM PENATHBHUCTCKHX
3NeKTPOHOB NpHMBOAMT BeencTsue 3dpdekra Jlonnnepa K MOBLILUCHHIO HACTOTE! BTOPUYHOTO

nyuka ¢ k03 GULUHMEHTOM TPAHCIIOHHPOBAHUA

u=y’(1+,/1—y‘2)'~~472
3

K coxanenuto, KBaHTOBasi 3))EKTMBHOCTb ITOrO MPOLIECCa UCKIIOMMTENBHO HH3KA U3-32
MaJIOCTH TOMCOHOBCKOTU CE4EHHUs paccesHus
o =(8n/3)i% = 6,65107 o’
| )
(o = 2,8.10%cm - kmaccuueckuit paguyc snekTpoHa). Jlaxe ONTMMHCTHYECKHME OLEHKH
[pesCKa3bIBAIOT KBAaHTOBYIO 3 (EKTUBHOCTD
Ny =0,N
)
nopsgka My = 10" [2] (N- neiicTByloliee YKCIO0 SNEKTPOHOB HA EANHHUYIHOM nomnepe4yHoM
cedeHuM Nydka). B HeaaBHMX 3KCMEpUMEHTaX B Bepxnu [OCTUTHYTa T ~10"  npu
paccesiHMM Ha CrycTke, COIEpKalleM OKOJIO 10" snexrponoB caHeprueit 50 MaB 3]
OuesuaHbIM  criocobom nosbiieduss 3G GEXKTUBHOCTH  PENATHBUCTCKOTO
TPaHCMOHMPOBAHHUS 4YaCTOTHI ABJETCS mepexon OT TOMCOHOBCKOIO paccesiHus Ha
cBOGOIHBIX JNMEKTPOHAX K PACCEAHMIO HA ABHXKYLIMXCA OCLMILIATOpax C 3aMeHONH O Ha

pe30oHaHCHOC ceyeHwe, paBHOE B AUMNOJIBHOM an6J'lPDKeHPll’I

4 2
© @,

~ O
(m2 - wf,)2 +w*(Aw,) " 4(w-a,) +(Aw, )’

c=0;

-~

(©)

rae @,- pe3oHaHCHas 4acroTra OCLHJIIATOpa M

.
f

P
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Aw, = (2;0 /i3c)m(2,

Q)
eCTECTBEHHAS DANMALMOHHAS WHMPHHA JIMHAM OCWMLIATOpa. Buio, 4TO B pesoHance

MO>KHO ObLIO Obl 0°KMAATH MOBBLILIEHHsI CEYEHUs PacCEeAHNA Ha MHOTI'O NMOPAAKOB!:

o,/ 6y = (30 / 4mr,)’

@®
( A =2mnc/w). XoTs, Kak MOKA3aHO HMXE, HA CAMOM JIENI€ CTOJIb rpaHOMO3HOE MOBLIIIEHHE
5 (dEKTHBHOCTH M He IOCTIKMMO, BCE K€ BBIMIPBILI 10 CPABHEHMIO C TOMCOHOBCKHM
CiTyd4aeM OKa3biBaeTCs BECbMa CyIIECTBEHHbIM.

IIpocTeiiiuM NPUMEPOM OCLMILIATOPOB, MPUrOAHBIX H3-33 MaJioii Maccel A
MCIIOJIb30BaHKUsl B KaueCTBE PEJIITUBHCTCKOTO 3€pKajia, MOXET CIYXWTb MyHOK aTOMOB
[IO3UTPOHMS C JHEPrueil MepBoro BO36yKmeHHOro  2p cocrosnus B 5,1 3B. Opnaxo,
MoNy4eHue AOCTATOYHO WHTEHCHBHBIX PEATUBUCTCKUX My4KOB HeHTpaNbHBIX aTOMOB
(HeéTaGManHx ¥3-32 AaHHUTWIALKK) NPEACTABIAET CAMOCTOSTENBHYIO M O4EHb HEMpOCTyIO
3agauy [4].

[To5TOMy CNEAyeT COCPEfOTOUNTh ycuius Ha (OPMMpPOBAHMH My4KOB cBOOOHBIX
3/IEKTPOHOB, ~KOTOPbIM ~ MpHEAHBI  CBOWCTBA ~ KBAa3MrapMOHMHECKHX  OCUMIUIATOPOB
NMOCPEICTBOM MOMEIIEHHs BO BHEUIHWE MAKPOCKOMMYECKHE 3JICKTPOMATHHTHbLIC MO,
HenuHeiiHas TeOpus MPOLECCOB KOTEPEHTHOrO M3JyYEHHS PENATUBMCTCKUX SJIEKTPOHHMIX
[y4KOB B TaKMX MOJIAX JIETANbHO pa3spaboTaHa NPUMEHHUTENLHO K HE CIMUIKOM GonbimM
k03 dHLMEHTaM TPAHCTIOHUPOBAHHUS |L M IMOCTPOEHO MHOXECTBO yCMELIHO JEeHCTBYIOLINX
ycrpoiicts  (cm., Hanpumep, [1]). JUi1 paccMaTpuBaeMBIX HEKOTEPEHTHBIX NPOLECCOB c
1t >>1 HOCTaTOYHO BOCMOJB30BATHCS MPOCTHIMU OLICHKaMH B JMHEHHOM NPUOIDKEHUH.

B panbHeillleM aHanM3e MCIONb3YIOTCS ABE CHCTeMbl KOODAMHAT: B jnaboparTopHoi
cucreMe L Bce BEIMUYMHBI NOMEYEHBI MHIEKCOM L , B CONPOBOX/IAKOIIEH 3NEKTPOHBI
cucreme Q , IBIOKYyLIEHCs CO CpeHeH CKOPOETBIO 3JIEKTPOHOB cf Beny4MHBI JHULICHBI
CHCTEMHBIX MHIEKCOB; 4YacTOTbl NMEPBU{HON U BTOPUYHON BOJNH B cucteM L o6o3HaueHb!

©, U w,.
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2. KpanToBas 3¢ eKTHBHOCTbL TPAHCIIOHHNPOBAHHS
OJIEKTPOHBI, 3aMOJHAIOLINE Y4aCTOK B3aHMOJEHCTBHA My4YKa C €IMHHYHBIM CEYEHHEM H

anuHOM |, pacceMBaiOT B €IMHHULYY BPEMEHH

I=0,Snl(Aw,/ Aw,)

©

doroHoB. 3mech S/Aw, - cnekTpanbHas TMIOTHOCTH GOTOHOB MEPBUYHOrO My4Ka C MOJHOM
MHTEHCHBHOCTBIO S B CNEKTPaJibHOM MHTepBaJie A®, , pABHOM MOJHOH HEOQHOPOAHO

WHPHHE JHHHM OCLMLIATOPOB, n - 06bEMHAs KOHUEHTPAUHMs 3JIEKTPOHOB.  DJIEKTPOH

noasepraerci obnydyeHuio B cucrteMe Q MOTOKOM NEPBHYHBIX (POTOHOB C HacTOTOMH

W= W, B TCHECHHH BPEMEHH

At=1 /cAt=1_/cAt=1_/cy{1-y
(10)

IIupuHa TexyLiero CrexTpa Takoro o0y4yarolero HMIyJibca H3MEHAETC BO BPEMEHH Kak
Aw(t) ~1/t or 6eckoHeuHoii (HO ¢ HyneBo# aMmuuTyoH) mpu t=0 mo 2w/ At npwu

t = At ; OmHOBpEMEHHO BO3pacTaeT aMILIUTY/a LIEHTPaIbHOM COCTaBIIAIoLIel crieKkTpa

f(t) ~ 1,6(S/ Aw, )[1 —exp(-t/ At)]
(11)

Ecnn 6bl nepBuyHOe MilydeHue GbUIO KBa3MMOHOXPOMATHYECKMM C LIMPMHOMN JIMHUH,
coBnajalomeii ¢ Aw,, ¥ HHTEHCHMBHOCTRIO SA®W,/A®, TO mpoLECC YCTaHOBJIEHHA

Tekyuero criekrpa (11) Hawen oTpakeHHe B CTOJb XK€ MOCTENEHHOM HapaCTaHHH CKOPOCTH
paccesHus I or Hyna 40 acuMnTOTHYECKKOro HaueHus (9). [IpHunHa 3TOro COCTOMT B TOM,
YTO B KaXK[AbIH JaHHBIi MOMEHT t C 3JIEKTPOHHBIM OCLMJLIATOPOM, 001afaloIuM WHPHHOH
JIMHUHM MOrNoLIeHUst A®,, BaMMOAEHCTBYET JIMIIL COOTBETCTBYIOLIAA COCTABJIAIOLIAS MO
NEePBHUYHOIO M3JIy4eHus ¢ aMmuuTyzoii (11).

OnHako, ecinu

Aw At >> 1
(12)

TO mnajeHue TeKyuled crnekTpasbHOi mioTHocTH f{t) B mojoce MOrJIOIEHHSA AAHHOrO
OCLMWJUIATOPa KOMIEHCHPYETCs HAJIO)KEHMEM MHOXKECTBA KOMIIOHEHT COCEJHHMX Y4YaCTKOB
TEKYLIEero CneKTpa NepBHYHOro- U3JIyueHHs, YTO TIO3BOJSIET € AOCTATOYHOH JOCTOBEPHOCTHIO
MOJIL30BaThCA AJIA OLIEHOK aCUMITTOTHYeCKO# dopmyoii (9).

Torna kBaHTOBast 3()(EKTHBHOCUTD pacCesHHs ONpPENeAeTcs KaK

n==1/S=(3/2n)\’nl(Aw, / Aw,)

(13)

¢



OHa ocTaercs HeMMEHHOI npH nepexone B cucreMy L, a pons addexTusHOro ceuenus
urpaer
2
o =n/nl =0 (3r/ 4nr,) (Aw, / Aw,)
| (14)

Takum 00pa3’oM HCTHHHbBIA BBIMIPHIL B CEYEHMM MO CPaBHEHWIO C TOMCOHOBCKHM
3HaueHueM (4) COCTaBJIsAeT B 3TOM Ciydyae, kak OTMeueHO Bbime, He (8), a BenuuuHy B
Aw,/ A®, pa3 MeHbLIYIO.

3. FapMonuYecKHe KoJe0aHHs PeJIATHBUCTCKOrO 3JIEKTPOHA B MAKPOCKONHIECKOM
MArHHTHOM ToJIe

OGpalenue AEKTPOHA C LMKIOTPOHHO# yacToToil @, (1) - HE EAMHCTBEHHBIN BOMOXHBINA

MpUMep TapMOHMYECKOro ocumaTopa. CBOGOAHBIA PENATMBUCTCKMH SJIEKTPOH MOXET
MIpaTh 3Ty POJib, €CIM €ro JBIDKEHME BO BHEIIHEM IOCTOSHHOM TlOjie NOAYMHACTCS
NPOCTOMY YPaBHEHHIO MasiTHUKA

y=-uwy
15)
C BO3BpaLIaloLIeii cCuioif m®’ B 1paBoii yacTH (y - MOMEPEYHOE CMELIEHHE DIEKTPOHA 3
MOJIOKEHHS] PABHOBECH).
CTOMT MOMUEPKHYTh, YTO M3BECTHBIE YCTPOHCTBA THIA OHMYJIATOPa U Ap. (CM., HanpuMep,
[1]), B KOTOpBIX 3JIEKTPOH TaKoke COBepinaeT KojebaHWs B HANpPaBIECHWH, MOMEPEYHOM K
PENATUBMCTCKOH CKOPOCTH, HE OTBE4aeT MOCTAaBIEHHOW 3ajaue, T.K. €ro YpaBHEHHE

ABIKEHHA B NMPOCTPAHCTBEHHO MEPUOAMYECKOM Toyie y ~ cosQt panuKanbHO OTIHYAETCS
or (15) (Q-uacrora  BbIHyXAaome#  cunbl, 06paTHO  MPOMOPUMOHANbHAA
TIPOCTPAHCTBEHHOMY NEPHOAY MOJIs).

TIpoCTHIM NPUMEPOM DEATH3ALMH TaAPMOHMYECKOTO OCLMILIATOPA ABJAETCA ABIKCHHE
9]IEKTPOHA B HEOAHOPOAHOM TMOMEPEYHOM MAarHUTHOM II0Je, CO3/1aBaeMOM JIByMs
napajulenbHbBIMM TOKaMH J, TeKyIMMM MO MPSMOJINUHEHHBIM MNPOBOJHHKAM KPYIJOro
CeueHMs C PaZMycoM a , Pa3sfeNieHHbIX POMEXYTKOM A MEXHIY MX OCAMH (3TO OTHIOAb HE
ONTHMH3MPOBaHHAs KOHGHUIypauus BLIGPaHa ML H-32 POCTOTHI pacyeTa Mnos).

MarHuTHasi HHOYKUMs B Takoii mapsl TOKOB pacmpesie/ieHa BHE NPOBOAHHMKOB B IIIOCKOCTH |
IMIMHIPHYECKOH KOOPAMHATHOM CHCTEMBI (p, (b) (POBOAHMKH PACMONIOKEHBI NApaJLIENIbHO

OCH Z, KOOpAMHATH uX oceil p=1 u ¢ ==xxn/2) cnemyromum obpasom:
al+a/2A psin2¢

sz_ZBmax_ 5 n
A 1+a/A 1+2p*cos2dp+p
(16)
b __op 2ltal2a p(cos2¢ +p?)
¢ ™ A 1+a/A 1+2p*cos2¢+p* .
- i a17)
|B|=2Bmaxi1+a/2A p ]
A 1+a/A (1+2p2 cos2¢+p4)é
(18)

rae MakCMMaJIbHOC 3HA4YCHUC MarHUTHOM HUHAOYKLUHH
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_pJ 1+a/A
™ 2mal+al/2A
(19
JOCTHMraercs Ha BHEUIHeH MOBEPXHOCTH MPOBOAHMKOB NpH ¢ =*m/2 u p=1+a/A

(3mech P, =4nx 107 T.M" u p - pamuanbHas KOOPAMHATA, HOPMUPOBaHHas Ha A ).
B6nu3u ocu z, rae p << 1, cripaBeiMBO JIMHEHHOE NpUOIIDKEHHE:

al+a/2A .
B ~-2B  ———psin2
P ™CA 1+a/A P ¢
(20)
al+a/2A
B, 2B ———pcos2
¢ mc A TrasA Po%0

@1

DJIeKTPOH. ABUrAIOIIKICA CTPOro Mo OCH Zz , HaXOAWTCA B MOJIOKEHHWH PaBHOBECHs B
NOnepeyHoM HampasiieHHH nockoabky B(p=0)=0 u cuna JlopeHua pasHa Hymo. Ilpu

CMEIEHHH OT OCH z paBHOBECHE HapyuiaeTrcs W B KBajpaHtax 7n/4<d<3n/4 u
-3n/4<$<—-m/4 Ha3nexTpoH AeiictByer cuuna JlopeHua ¢ OTpULATENbHOM pagHabHOR

COCTaBISAIOLIEH
F, = —cey1-y’B, = 2ceB,_,, jl—E-—a—/—zipcosZti)
A l+a/A
(22)

COBMNAAAoLIEl MO BUAY C BO3BPalIAIOLIEH CUIIOi rapMoHudeckoro ocipuusitopa (15),
npu4eM B Cllyyae B3aUMOJEHCTBHA CO CTOPOHHEH JIMHEHHO MOJIAPH30BaHHOM BOJIHOM €
BEKTOPOM 3JIEKTPUYECKOTO MOJIsi, OPHEHTHPOBaHHBIM 1O HanpasieHuio ¢ = +n/2 | 31a cuia
MaKCHMAaJIbHa.

Jlst oueHku co6CTBEHHOMN 4acTOThI OCLUMILIATOPA, BOSHUKAIOLIETO B pe3yabTare AeHCTBHs
yka3aHHOM cuibl, ynobHee mnepeiith B cucremy Q, rae, koHeuHo, cuia Jlopenua
OTCYTCTBY€T, HO MarHuTHas wuHAykuus B nopoxnaer snexrpuueckoe mnoiae E ¢

KOMIIOHEHTaMH
E,=—-cByyl-7~ ?~2cB,_, a 1+a/2A psin2¢
P 1+al/A
(23)
2
cBW,/l y? ~-2¢B,_,, 1 L+a/2A pcos2d
A 1+a/A
(24)
¥ paauanbHbIM rpanuentoM E  Onusu ocu z
dE
l—'ﬂz -2¢B,..Y a2—1+a/2A cos2¢ -
A dp A a/A
(25)

B wurore coOCTBeHHas 4YacTOTa OCLMIUIATOPA OKa3bIBAaeTCsA 3aBHCALNEH OT yria HakIOHa
TUIOCKOCTH KoniebaHuit ¢ u paBHa

23
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o= |2 e o14cB, B2 TR o5y
mA dp A’ 1+al/A
(26)
(3ta popMyna nefcTBUTENbHA B KBAIPAHTaX n/4<dp<3n/4 u 3n/d<p<-n/4).
B pesynsrate 3bdexra Jlonmiepa BOJHA, PacCesHHAs STMM OCLMILIATOPOM B
[IOJIOHUTENBLHOM HATPaBIeHNH OCH Z , NpHOOpeTaer B cucteMe L HacToTy

a 1+a/2A 2
~2 zO,Sé(—B E—— 2)
T R YO meE 2T Trara O

@7

Tax, @, =13x10° Tlu, A,~1,48m, hw,~ 0,9kB npu A= O,lcm, ¢=n/2 u
a/A=0,8.
HecMOTps Ha BMAMMOE MPEHMYIIECTBO ITOH CXeMbl C MOTNEPEHHBIM MArHUTHEIM MOJIEM
M0 CPAaBHEHMIO C LIMKJIOTPOHHOH BepcHedl B OTHOLIEHMM AOCTIKMMBIX JHEPruil JKECTKUX
doTOHOB, CHefyeT yKkasaTb Ha e€e HENOCTaTok, 3aKTFOYAIONIMIACS B BO3HUKHOBEHHH
HECTAOWJILHOCTH TPAEKTOPUM JJEKTPOHOB TMpPH WX TMPOHUKHOBEHMM B  KBaJPaHTEI
—n/d<dp<m/4 u 3n/4<d<5t/4, rae nomepeuHble KOMIOHEHTHI 3NCKTPUHECKOrO

nons (23,24) 3acTaBJAIOT 3MEKTPOH YAAIATECH OT OCH Z. HIHBIMHU CJIOBaMH, MONEpEedHbIA
noTeHLHaNbHEI penbed B cucteme Q wumeer BMI Ceana. Jlns nonepeyHo# crabunusauuu
TPaeKTOPHM B 3THX KB3JIpaHTaX MOJDKHBI ObITh NPUMEHEHBI JOTOJIHUTENbHBIE MEpbI
$OKYCHPOBKH, W3BECTHblE, HAmpUMeEp, B TEXHUKE yckopuTeneil 4acTHL[ MM HMOHHBIX
nosymek. Takoe noje, nobyxnatolee 3MEKTPOHbI K COCPENOTOIEHHMIO BOJIUM OCH Z , MOXKET
6bITh, B YaCTHOCTH, CO3[AHO B TEYEHHE 4aCTH OJHOrO U3 MOJYNEPHONOB PafHOHaCTOTHBIX
xonebanuii B MOJOM pe3oHaTope, 06pasOBaHHOM M3 KOPOTKO3aMKHYTBIX MOJNYBOJHOBBIX
OTpe3KOB KDYTJIOro BojHOBOAa ¢ BonHOH Tuna TMop; uiyM MpsAMOYroJibHOTO BOJNHOBOAA C
sonHo# Tuma TMy; (Np¥ NPOONLHOM Mydke 31eKTpoHoB)  Tuna TEj; (npu nonepeyHOM
myuke).  IIPOXOJDKMTENBHOCTh TaKOH UMIYNbCHOM (OKYCHPOBKM MOXET JAOCTHIaTh,
nanpumep, 50 ric npu uacrote 1 MITw.

4. YuimpeHnune JMHUH

. B nonHoe HEOTHOPOAHOE YLUIMPEHUE JIMHHU AW, BHOCST CBOH BKINIa/l pasiuHbIE SABICHHA

¥ B [EPBYI0 OYEpeNb HENOCTATOYHas MOHOIHEPreTHUHOCTh 3JICKTPOHHOIO mMy4Ka. Pa3bpoc
CKOpOCTEii 3JIEKTPOHOB B cucTeMe Q, OTHECEHHEIH K C H BbIPA)KEHHBII uepe3 MUPHHY
3HepreTHyeckoro cnexktpa Ay , 3ananHylo B cucteme L, paseH

AB=Ay Iy 1-y 2 = Ay /Yy

COOTBETCTBEHHO BKiax JuHeiiHoro 3¢ dekra Jonmuepa 8 Aw, cocrasisier

(28)

Aw, = AR ~wAY /Y

(29)

CBepx TOTO KOHEYHOii WHPHHOH 06nafaeT U CeKTp PE3OHAHCHBIX YaCTOT OCLMILLITOPOB B
marHuTHOM nojie (20,21) u3-3a pa3bpoca BEMUMH, BXOASLUX B (26):

2 2
Awy _AB,, Ay AA +2a/A+(a/A)2 A(a/A)+tg2¢A¢
@ 2B, 2Y 2A 2+3a/A+(a/A) 2al/A




(30)
3nech, NO-BMAMMOMY, [JIaBHbI  BKJIaJ BHOCHT  ONATh JK€  HEAOCTATOYHAA
MOHOJHEPIreTHYHOCTh 3JIEKTPOHHOIO IMy4YKa MO CPaBHEHHIO C HETOYHOCTSIMH TF€OMETPHH H
MOCTOSIHHOTO MarHHTHOIO MOJIA, a TaKKe C OTKJIOHEHHEM OT JHMHEHHOCTH MNOJpU3aLHH
MEepBHYHO BOJHBI, BbIpaXKa€MbIM BeJNUHHON A . )

B uTOore npu oTCYTCTBHH APYTHX, HEYYTEHHBIX 31€Ch HCTOYHHKOB HEOJIHOPOZHOIO
yLUIUPEHHs €ro CyMMapHoOe 3Ha4eHHe eCTh
Aw, N Awy, +Aw, o 3Ay
w (0] 2y

(31)
KOTOpO€, NMo-BUAMMOMY, BPs JIH MOJKHO Ha MPAaKTHKE CHAEaTh MEHbIIE 103-10™
IIpexxne 4eM npou3BecTH AajbHellee yTOYHEHHWe KBaHTOBOH 3¢dextusHoctu (13),
HeobxonuMo ybenuTbCst, Y¥TO BO3MOXHbIE MHOTOKPaTHBIE aKThl PACCESIHUSA Ha OAHOM U TOM
)K€ JJIEKTPOHE HE MPUBOIT K HApPYLIEHHMIO MpoLecca TPaHCIOHMpoBaHMA. B xaxaom akte
paccesiHUA 3JIEKTPOH TEPSET SHEPrUio

8E = 2(hw)* / mc?

(32)
rae 3Heprus ¢oToHa, cocraBisier B cucteMe Q BenuuumHy nopsaka 0,1 3B, 1 dw Ha
MHOFO MOPAAKOB YCTYNMaeT MpPHHATON Bbille LIMPHHE 3HEPreTHYECKOro CHeKTpa
3J71eKTpOHHOro my4ka. [To3ToMy TOJIBKO MOC/Ee OrpOMHOrO HMCINA NOCJIEAOBATENbHBIX aKTOB
paccesHHAs Ha OOHOM M TOM XK€ 3JIEKTPOHE MOXKHO OXHJAQTh yXyALIEHHS
MOHOHEPreTUYHOCTH IIyyKa. DTO MO3BOJIAET NpeHeOpeub 3TUM SBJIEHHEM TNpPH OLIEHKE
KBaHTOBOM 3¢ dexTnBHOCTH .

B urtore kBanTOBas 3ddexruBHocte M (13), BipaxceHHas 4epe3 saGopaTopHbie

XapaKTePHUCTUKU NIEKTPOHHOIO My4Ka, paBHa

2

3 Aw, _ 31, | L—Z——zl,leO"glzNEy/Ay
Y

—NN—2=—2
~ 2 Aw, 3ce

(33)

rae N =nl =ny Iy - nonHoE YKCIO 3JIEKTPOHOB B /IEHCTBYIOLIEM OTpe3Ke My4YKa eAHHUYHOIO
CeueHMs M ji, - IUIOTHOCTb Toka myuka (A.cM ). CpasHenue ¢ (5) Jaer QOCTaTO4YHO
OLYTHMbIH BBIMIPBILI

N/ = (A, /75, )(¥? / Ay)
(34
KOTOpblf;l ocTaercs OOJIbUIMM BILIOTH JO XKECTKOro peHTr€eHOBCKOI'O qHara3oHa.

Anexrponnsbiid KIIJI npouecca MOXHO BBECTH KaK OTHOIIEHHE MOLUHOCTH BTOPHYHOTO
U3JIy4EHHs K MOIIHOCTH ITy4Ka 3JIEKTPOHOB

ehw,nS 161thr01 S, <10 1S,

k=
mc*(y - 1)j, 3mc2Ay /y Ay /y

(35)
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5. HepBuuyHbIi U BTOPHYHLIH (OTOHHDIE nyuKH

Ecnu nocraBjieHa 3afaya MoaydeHus BTOPUYHBIX GOTOHOB ¢ MaKCHMAJIBHOMN SHepruei ,
TO KaKk MarHUTHAasA HHAYKUMA By , TaK W 9HEPrus 3NEKTPOHOB E Takke AOJDKHBI ObITH
MakcUMaibHbl. THINMYHBIMM TpeJeNbHbIMM — 3HAYEHWIMH CErOAHA  MOXHO NPHHATH
B, = 20 TJ1, JOCTHTHYTYIO C HCIIOJIb30BaHKMEM cBepxnposonuukos NbTi u Nbs Sn [5], u
Y= 4x10* (wanpumep, waxonurenr PETRA [6]). CrenosatensHO HOCTHXKMMBIMH

npeacTaBsioTcs K03 duuMeHTbl TPaHCIIOHNPOBAHUA (3) p= 6x10° npu wacrore
3JIEKTPOHHBIX ocLuiTopos (28) @~ 300 Tru, 4acToTe NMEPBUYHOM BONHBI ), =4 1Tu
( A, 50 cM) ¥ HaCTOTE BTOPUYHOrO TPAHCIIOHMPOBAHHOIO U3NYUEHHT W, ~ 2,2x10" TI'n
(A, 0,09 uM, hw, = 15 k3B).

JUIMHHOBOJIHOBOE MEPBUYHOE M3yueHue TpeSyeT NMPUMEHEHHs BOJHOBOMIOB, YTO BIIEYET
3a coboif HEKOTOpOe YTOYHEHHE BBIPAKEHUS m=mﬂ/ﬁ_ UL NepBOH  CTyMeHH

JONMJIEPOBCKOro NpeoOpa3oBaHus 4aCTOThI

1—4f1-y7
w:ml'\/i L

1“‘\[1—7_2 \ﬁ—(mcr / ml)z
(36)

KOTOpOE O3HayaeT HeOGXOAMMOCTh HECKOJIBKO MOBLICHTh YaCTOTY MEPBUYHOH BOJNHBI AU
YCTAHOBJIEHHSI PEOHAHCA C OCLMILIATOPOM (W, -KPUTHYECKas 4acTOTa BOJIHOBO/A).

B pesynbTaTe PeNATHBUCTCKOTO NpeoGpasOBaHMs WMITYJICOB PacCesHHbIX (OTOHOB BCE
BTOPUMHOE H3JTyYeHHe COCPENOTOYEHO B KOHyCe BOKPYr BEKTOpa MPOAOJILHOH CKOPOCTH
3JIEKTPOHOB C TEJIECHBIM YTJIOM MPH BEPLINHE

AQ, =t/p
. 37
uro, Hanpumep, pu v = 2x10*° cocrasser AQ,; ~ 2x10° crepan.
TakuM 06pa3soM BBIXOJHOE M3JTyueHHe NpencTaBiser coboi mydqok xecTkux (OTOHOB,
COMOCTaBHMBIif C JIa3€PHBIM MO MOHOXPOMATHYHOCTH M HampaBJEHHOCTH M C BBICOKO
SIPKOCTBIO A

@, =nS/(Aw, / ©)AQ,
(33)

Tunuunbte sHavenns @, ~10” - 10®  cm? ¢ crepan” B OTHOCHTENBHOM HMHTEpBaiE
yactor Aw,/®, = 10" Ha HeckonbkO MOPSAKOB MPEBOCXOIAT APKOCTh CHHXPOTPOHHBIX
ucrounukos (10* cm? ¢! crepax’ ), HO MO MTHOBEHHOM APKOCTHE YCTYMAeT MMIYJILCHBIM
penTresoBckim nasepam (10%* cm® ¢ crepan™) [7] .

HexoTopoe MpeCcTaBNeHHe O BO3MOXKHBIX BAPMAHTAX NMapaMeTPOB MOXHO MONYYHTh U3
Tabnuupt 1.

B 3akmoueHHe CTOMT OOpaTUTb BHHMaHME -Ha TO, YTO AHrapMOHU3M DENATUBUCTCKMX

OCLIJLIATOPOB, CBSI3AHHBIN, B HACTHOCTH, C HENMHEHHOCTBIO KOOPAMHATHBIX 3aBUCHMOCTEH
(16,17), OTKpbIBaeT BO3MOXKHOCTh Hab/II0IeHHs TapMOHHK OCHOBHOI 4aCTOTHI.

Hacrosimas paboTa BLINONHEHA NpU yacTUdHOMN noaaepxke PO®U (rpant Ne 96-02-17686a)
1 nporpammel EOARD (npoexr Ne SPC -96-4033).
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TABJIAIIA 1

E ¥ Ayly n Buax | N [ M| A n S AQ 0] k
B Tn [ em? | em | M em’c’ | cmpan | l/em’c*crpan | %
19.0|3.7#10° 107%] 5.5%10° 20| 10%| 50| 0.09] 2.6*10°] 10%[ 6*10"° 3*10%] 0.6
0.1 200 102 15*%10°] 20| 10%]3.5] 230{3.5*10*{ 10| 2*10° 102] 0.6
0.1 200 10°] 1.5*%10° 51 10%] 1.7] 460{ 7*10°] 10®°| 2*10° 2*10%} 0.6
4.0/ 7.8%10°[ 10| 2.5%10° 5 10%] 45| 1.8 10°]  10® 10°® 7*¥10%'] 0.6

Sipkocts @ faHa B OTHOCHTENBHOI Nonoce YacToT Aw/w=10"
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HcnyckaHue xecTKHX GOTOHOB NPH CHOHTAHHOM PaCCesIHUH 3JIEKTPOMATHUTHOH
BOJIHBI HA PEJIATHBHCTCKHX OCHHJLIATOPAX

JI.®.PuBiinu

Pe30oHacHBI MpOUECC CHOHTaHHOrO paccestHnsa (OTOHOB Ha BCTPEYHOM  HydKe
PENATHBHUCTCKHMX 3JIEKTPOHOB, MPUOOPETAIOIMX B MOCTOSHHOM MarHMTHOM IOJIe CBOMCTBa
rapMOHMYECKMX OCLHJUIATOPOB, MOPOXIAeT C BBICOKOH KBaHTOBOH 3(QeKTMBHOCTBIO
MOHOXPOMATHYHbIH, HAlpaBIEeHHbIH U HHTEHCUBHBIN My4OK XECTKMX QOTOHOB (Teopus u

pacuer).
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Appendix 4

- \
YCHJIBHHG CIMMOHTAHHOT O FaMMa-H3ﬂyquHﬂ B OXJIAKIACHHOM
ny4Ke siiep co CKpbITOi uHBepcueit

JL.A.PuBaun

OueHka MHHMMaNbHOrO 4ucia BO3OY)XIEHHBIX Anep, HeoOXxoauMOro st
HAZIEXKHOro HabJIONIEHNs MpoLecca YCHWIEHHA ramMma-u3jyuennsi Ha ¢oHEe CMOHTAHHOTO
MCHYCKaHMs, OKa3bIBAETCs s My'Ka cBOGOMHBIX AAEP CO CKPHITOM MHBEPCHEH, HEOKUIAHHO
HU3KOH.

1. Beegenue

OpuH M3 BO3MOXHBIX BapHaHTOB 3KCMEPUMEHTAILHOTO OCYLIECTBICHHS ANEPHOTO
ramma-jiazepa COCTOMT B HCMOJIL30BAHUU ycuiMBaioleil cpeal B BUAE rayboxo
oXJIaXKAGHHOro Imny4ka saep co CKpBITOI (cnempanbno-noxanbnoﬁ) unsepcueit [1-5].
[TocnenHsisi 06ycNOBIEHa OTHOCHTENBHBIM CMELICHHEM PE30HAHCHBIX JIMHMA HCMYCKaHHs H
MOrJIOLEHHs BCAESACTBHE OTAAYH ANpa, conpoBokaatomeii aroboi paaualMOHHBIA mpouecc ¢
y4yacTHeM JOCTATOYHO JKECTKHX $oTOHOB, @ yMEHbLIEHHE HEOTHOPOJHOTO yIHPERHA JIHHUH,
oBecreunBatolee  AOCTATO4YHbINH  KOIPGUUMEHT  YCHICHUA, pocturaerca  rirybokum
OXJIAXKAEHHUEM Ty4Ka.

IIpu aHanu3e CHIBHBIX U cnabbix CTOPOH 3TOTO MOAXOMA HAUIEXHUT COCPEAOTOUHTH
BHHMaHUE UMEHHO Ha rpolecce yCHJIEHHUs MOToKa ramMma-(OTOHOB, KaK Ha OZAHOM U3 BHUMIOB
caMONOAAEP KMBAIOLIENC uenHoi s7lepHOll peakuuu, B MPOTMBOBEC 3a/a4e Habmonenust
OTHEJbHBIX aKTOB CTMMYJIMPOBAHHOTO raMMa-MCIyCKaHHWs Ha YpOBHE CYeTa eNMHHYHBLIX
(OTOHOB HHAYLMPOBAHHOTO MIPOUCXOXKIAEHHS. [Tocneauuii TUN 3KCHEpUMEHTOB (eciu B HX
repcrexTUBe He O4YeBUaHA BO3MOXHOCTD KONUUYECTBEHHOro HapauuBaHus 3ddexra) MOXKeT
NpefCTaBUTh JIMILIDb METOAMUYECKHH HHTEpEC, MOCKOJIbKY OHH crocoOHbI JIMIIb MOATBEPAHTD
NpUMEHMMOCTb OOLUMX 3aKOHOB CTHMYJIMPOBAHHOTO MCMYCKaHHs K ANCPHLIM niepexoiam,

YTO, pa3yMeeTCs, HEe HYXIacTCA B npoBEPKE OTBbITOM.

2. HauMeHblee IHCJI0 BO30YKISHHBIX SAEP B KAHAE yCHICHUN

-~

e

OTcyTCTBUE ROCTAaTOMHO 3(deKTHBHBIX oTpakaresiel HE MO3BOJNACT HANEATBCA B
obospumoM Oymyuiem Ha BOIUIOUICHHE B cy6HaHOMETPOBOM AMana3’oHe [JIMH BOJH

TPaaULIMOHHOM nasepHON CXembl C pE30HATOPHOM obpaTHOH CBA3BIO. AnbrepHaTHBON

Yys




ABJSAETCS YCUIUTEND Oeryuen BOJIHbI B Hau6o~j1eé NpoCTOil BEPCHH YCUJIEHHS COBCTBEHHOYO
CTMOHTAHHOI'O M3JIy4EHMS. |

BaxHO OLEHHTh HauMEHblIEe UHMCI0 BO3OYXICHHBIX sOEp, 3alMOJHAIOLIMX
NpOTsbKeHHbIA KkaHan M obecneduBaiouiee HanexxHoe HaGmonenne s¢dexra ycuneHus
¢doTOoHHOrO MOTOKA.

IIpencraBlieHHe O PasyMHOM COOTHOIIEHHH MOMEPEvHOro pasmepa (auamerpa) Du
IAMHBL L Takoro KaHana MOXHO COCTaBUTb M3 CHERYIOIIHX MPOCTBIX COOOpaXKeHHH.

IlnbdpaKkuuoHHbIE OTEPU M3AYHEHUs C JIMHOM BONHBI A , OTHECEHHbIE K eIMHHLE JUTUHBI

KaHaJ1a, OLEHNBAIOTCS KaK

ap ~2A/D? 1)

4 -
(B onTHYeCKOM AHMana3oHe OOBMHO Op =~ 10cm™). Pazymuo notpeboBarb, uTOOBI 3Ta

BeNMYMHA He MpeBocxomnia Ko3(Q(HUUUEHT HeyCTPaHUMBIX MOTEPh (OTOHOB B BELUECTBE

KaHaJia O'Ln , rac O'L CCUCHHE IOTEPb H n ob6beMHas KOHLCHTpaluus aToMoOB, T.C.
ap<on .
Orciona crefyer OrpaHu4eHne JMaMeTpa KaHana yCHIeHus
D>.2A/on @

KOTOpBIl OKa3bIBAETCH B TaMMa-AMana3’oHe MCKIIYUTENbHO MaJbIM MO aOCOJKTHOMY
suauennro. Tak D = 3.10%cm npu 4 =0,05 umu oy n =107 em™.

B ycnoBusx HecOPMHPOBaHHOH pPe3OHATOPHOH MOAb (3epkana OTCYTCTBYIOT)
po3HMKaeT TpeGoBanue, uTo6bl (GOTOHHBIA Myqok Ha AnuHe L He BbIXOawn 3a mpenenbl

CEeUeHMs KaHajia
L<D?/A~2/oyn €)

3 103 -
YTO He ABNAETCS caMmKoM crporum orpanudenuem ( L< 2.10” cm npu o n=10 3 em).

-~

ITostoMy 06beM kaHana 4

V=7DL/427AL/201n C
TaKKE HEBENMK Jaxe Npu 3HauuTenbHOi mimHe L (mampumep, V>5.10%m° npu
L=100cwm).
HG




COOTBETCTBEHHO MOJIHOE YKC/IO0 BO3OYKIAEHHBIX sIEP B KaHaJe

N=n,V2> ALy ©)
2010 n
MOJET BbITb HE CIHLIKOM GOJIBLIMM Jae MPH AOCTATO4HO BbICOKOH UX KOHLEHTpauuu (Ui
Toro xe npumepa N =5 108 npu np,=10" em™).

DTH Ha yAMBIEHME HM3KME OUEHOYHbIE 3HAYEHMA HEe MNPEICTABIAIOTCA
HENOCTHXUMBIMH B CBETE YCNEXOB COBPEMEHHOH TEXHMKH TiybOKOro OXJIaXIeHHs
"aHcambieif CBOOOMHBIX aTOMOB M MOHOB. PaHee ykaspiBasioch [1] Ha aBa myTH nomy4eHus
MOHOKHHETU3UPOBaHHbIX (MIy6OKO “OXJNaKAEHHBIX”) MOMyJsAuMit BO3OYKINEHHBIX szep
Na3epHbIMH METOJaMH aTOMHOM ONTMKM M B YCKODEHHBIX MOHHBIX Myukax. B cBsasu ¢
[epBbIM BAPMAHTOM YMECTHO yKa3aTh Ha YK AOCTHTHYTbIE PE3YNLTAThl MO YAEPKAHHIO B
marsuTHoit osywke N = 10® oxnasnenHbix aTOMOB MTHS C KOHIIEHTpaLmeit N = 3.10°cm
? [6] u uesms ¢ N=10° u n=5.10""cm™ npu Temneparype 6mMxK [7] , HabmoneHuto Gose-
sifHwTelHOBCKOrO  KoHzeHcata atomos Hatpua ¢ N=5.10° u n = 4.10"cw® npu

temneparype 2MxK [8] u np. Kpome TOro M3BECTHbI SKCMEPHMEHTBI MO YAEPXAHHIO B

JIOBYILIKAX PAMOAKTUBHBIX HYKIHIOB Rb” [9], Fr*'° [10] u mp.
IIo BTOPOMY BapHaHTy “OXJaxAeHWs“ smepHeli ancambib npencrasnser coboi

MOHHBII ny4ok [1-5] ¥ NpUBeeHHBIM OLIEHKAM KOHLETPaLMH COOTBETCTBYET HOHHBIN TOK

J= 7zceD2nﬂ/eU/8Mc2 = el / eU2 o,
Mc” n ©)

oy,

C NMIOTHOCTHIO

j=cen,f 2eU/Mc? 7

[le C - CKOPOCTb CBeTa, € - 3apsii uoHa, M - ero macca u €U - kuHeTuueckas sHeprus.

= 14 3
Ilns Toro xe umcnennoro mpumepa ¢ Ny = 107cm” 310 cocrasnser mocrarouHo

: -2
peamictuueckue 3uadenusn J = TOmxA u j & 1kA.cM™. YmepenHble 3HaueHNs MOJTHOTO

-~

rel
TOKA My4Ka MPAKTHYECKU YCTPAHAOT 3 EeKT HEONHOPOAHOTO YIUNPEHUS JIMHUHU [0 CEUCHHIO

My4Ka, BbI3bIBAEMOTO €r0 NPOCTPAHCTBEHHBIM 3apsifoM [1] .
3HaueHHe MPONENAHHBIX MPOCTHIX oueHOK N u Ny CTaHOBHTCH Gojlee HArIARHBIM

[OCe PAacCMOTPEHMs MPOLECcca YCHJIEHWs IOTOka (POTOHOB B [My4Ke CHOHTAHHO

7
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PENAaKCUPYIOLINX BO30OYXXAEHHBIX siiep, MPUYeM MX COOCTBEHHOE CTMOHTAHHOE HCITyCKaHHE
$OTOHOB B MOABI KaHaja Mo BCEH €ro JUIMHE 3a[aeT Ha4ajbHbIH ypOBEHb yCHUIIMBAEMOIO

MOTOKA.
3. YcuiaeHue CHOHTAHHOTO raMMa-H3JIy4eHHUst

CKOpOCTb CINIOHTAHHOI'O HUCNYCKAaHHUA Q)OTOHOB B UHTEPBAJI TEACCHBIX YIJIOB AQ H

nonocy 4actor A@ <A®@; Bo30yXIOEHHBIMM SAPaMH, 3AMOMHSIOWKMH yYacTOK KaHama

" IMHIYHOTO ceveHus ¢ anunoit dz | pasHa

n, AQ Aw

" z
T 4 Aw; ®)
rne T - BpEMsl XU3HH BOBGy)KIleHHOFO COCTOSAHMA IO OTHOMICHUIK K paaualHOHHOMY

pacnany, A@; - nonHas HeoaHOpOIHAs LWMPHHA THHUM nepexosa. CKOPOCTb CIIOHTAHHOTO

MCyCKaHUs 32BUCHT OT MPOAOJbHONW KOOPAMHATBI Z , MOCKOJbKY SIAPA OBHXKYTCS BHOJb
KaHana ¢ MOCTOSAHHON CKOPOCTBIO Vg , TaK 4TO
n,(2) = nyexp(-z/1) ©)
rae 1= vo7T u nyp=ny(0) - HauanbHas koHUeHTpaLust Ha Bxoze B KaHau ( z=0 ).
ITorok GOTOHOB CNOHTaHHOrO MPOMCXOXKAEHHUS C IJIOTHOCTBIO | | 3aXBavYeHHLIX B

MOAbl KaHalla, PAachpoCTPaHssACh MO HEeMy MpeTeprieBaeT  ycuieHue (WM 3aTyXaHHE),

OIIUCKLIBAEMOEC ypaBHeHneM
dl
dx (10)

rae O -Ce4yeHHe CTHMYJHPOBAHHOIO MCMyCKaHHUA, 1] - KOHLEHTpauus AACP B HHWXHEM

=[o(n, —n,)) - oy n]l

COCTOsIHHH Nnepexona U n:n]+n2 - MOJIHas1 KOHUEHTpaLuus Anep, NpoaoJibHas KOOpAHHaTa X
IJid MOTOKa I , AIMCIOLIEro CBOMM HayaJioM CHOHTAHHBLIE (bOTOHbI, BO3HHUKIINE HAa y4acCTKE

kanana ot Z no z+dz , nponopuuonansHa Z, npudeM X=0 B Touke Z M mocTHraer

-~

»

KOHEYHOTO 3HaYeHHUs B TOUKe X=L-Z .
ITpy HaMuUK CKPBITOM (CHIEKTPAILHO-IOKANBHON) MHBEPCHM OXJIAKAEHHOTO My4Ka

H30MEpOB, KOrJa JIMHUM TIOIJIOMIEHHs W HCITyCKaHHsA CMEUIeHbl H3-3a OTAa4yd, B

KOHLeHTpauuio 1} B kosdduumente ycunewns o(n, —1n,) B (10) cnemyer BKmouaTh




TOABLKO sApPa, OKAa3aBLUIMECH B HWKHEM C(;CT;OSIHI/II/I B pesyibTare mnmynnpoaaﬂﬂ\)ro
Mepexona MM e CIOHTAHHOrO MCTyCKaHus B MOJbI KaHajia yCHIIEHHS, HO He M3HAYalbHO
HaxonsALlMeCs Ha HUXKHEM ypOBHE, a Taloke  He nepelueauIve Ha HIKHMHA ypOBEHb NpH
CTIOHTAHHOM MKCIIyCKaHHH (OTOHA B MOZBI 3a MpENENaMU YCHIMTENbHOro kaHana. fnpa
MoCHeAHUX ABYX THUMOB HAaXOAATCsS BHE pesoﬂahca ¢ ¢oroHaMu, NpHHANJEXKAIAMH K
yCUIIMBAEMOMY MOTOKY.

Yro kacaercst saep NEpBbIX ABYX THIOB, TO OHM OKa3bIBAlOTCA B PE3OHAHCE, T.K.
OTIa4a OT MPEbIIYIIEro aKTa UCIyCKaHus (POTOHA MPHUAAET UM NIOTIONHHUTENbHYIO CKOPOCTE
HaBCTpedy MOTOKY YCHIMBaeMbIX (OTOHOB

Av=E,/Mc 1)
kxoTopast u3-3a 3bdexra Jlonnnepa KOMNEHCHPYET PaccTPOHKY MeExy sneprueii GOTOHOB

yCHUJIMBAEMOI'O IMOTOKA

hw=Ey(1-E,/2Mc?) A (12)
M JHEprHvel LeHTpa TMHUM MOTJIOLUEHUA
E, = Eo(1+E, /2Mc?) (13)
TK.
ha(1+Av/ c) = Eg(1- By /2Mc*)(1+ B, / 2Mc”) ~ E,, (14)

2
( Eq - aneprus nepexona, Eg / 2Mc” = Eg -sueprus otnaun).

EciM MpHHATb, YTO KOHLEHTPALMs TaKMX PE3OHAHCHO MOMIOWAIOWKX  AAep
CYIIECTBEHHO YCTyMaeT iy , TO ypasHeHue (8) NpUHUMAeT BUJL -

5

Z+X

dI ( )
1° an,, exXp| — - opn [dx

KpoMe TOro MHpeAroJiaraercs, 4TO TNajieHMe KOHLEHTpaluH Ny 3a CHET CMOHTAHHOTO
PaIUALMOHHOIO MpOLecca CyLIECTBEHHO NOMMHHDPYET Haj ee USMEHEHWIMH B pesyJjibTare
CTHMyJNMPOBaHHOIO UCITYyCKaHHMs U MOrJIOLIEeHHA (oTOHOB.

Peurenue ypasuenus (15)
I(2) = I, exp[ae ™' ~(1-b)z/1] g (16)

rae
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I, = Iy AQ Ao exp|—ae™" + bL/l]
T 4n Aw; 17

a = diy b=o;nl (18)
faeT MOTOK (POTOHOB, MMEBLIMI CBOMM HaqajioM (OTOHBI, MCIYLIEHHBIE CMOHTAHHO Ha
yuactke oT Z jio Z+dz , v nowenuuit no KoHua kanana Z=L .

[lonubiii BBIXOAHOH MOTOK (OTOHOB €cTh pe3ysibTat uHTerpupoBanus ot z=0 mo
z=L
p (19)
Ir =Tl j ey Pdy
exp(-L/1)
rae npousseneHa 3amena nepemennsix z/1=-Iny .

Haubonee uHTepeceH ciy4ail HU3KUX M0Tepb GOTOHOB (caboe 3aTyXaHue). Koraa

b <<l y—b 1 (20)

T.€.
~ a -Q 21
I = ([l /a)e*(1-€e7) @
-L/
rne Q=a(l—¢e ") - napamerp kauecrsa.
Benununna It ecTh nonHblit N0TOK (OTOHOB YCHUIEHHOTO CIIOHTAHHOTO MCHYCKaHUA B

mozbl kaHama anuuod L . Ero cnexyer comoctaBuTh C HEYCHIIEHHBIM MOTOKOM (OTOHOB

YUCTO CIIOHTAHHOTO MPOMCXOXIEHHS, KOTOPbIN MOKHO OLEHHTD, yCTpeMuB B (21) O —> 0:

n,, AQ Aw | _ - 22
Isp=ﬂ le bL/l(l_e L/I) ( )
T 4rx Aw;
OTtHoleHHe I/ Isp, XapakTepu3yoluee 3¢ ¢eKTUBHOCTD npotecca
CTUMYJIMPOBAHHOTO HCITYCKaHMs, PABHO
I; /1, =(e%-1)/Q | (23)

BI/IIIHO, 4YTO 3aMETHOE TMPEBLILICHHE TMOTOKAa WHAOYLHPOBAHHBIX (bOTOHOB Haj
Ve

crioHTaHHbIM (OHOM HabTIoaeTCs MY 3HAYEHUsX mapamerpa kadectsa Q , MpeBOCXOAALIMX

neckosbko eauHuit (Hanpumep, I /I, 25 npu Q 2 2,6). UnbiMu cioBaMH HEO6XOAMMO,

4yTOOBI

0}
o




b<<l; Lb>>1; Q>1 (24)

OnHUM U3 MPEUMYLIECTB MCMONb30BaHMHs CBOOOAHBIX sAAEp AJA IKCMIEPUMEHTOB MO
CTUMYJIHPOBaHHOMY raMma-uciyCcKaHHIo ABJISIETCS BO3MO>XHOCTB ObicTpOro
MaHHIyJIMPOBAHMS MX [y4KaMH, NPaKTHMECKH HEOCTYNHas B TBEPHOTENLHOH BEpCHM C
Mecc6ayspOBCKMMH M30MepaMH. IIPOTOKON MPUrOTOBJNEHMS YCHIMBAIOLIEH Cpenbl 3
cBOGOMHBIX sA€P COCTOMT W3 Cledylollell LenmM OCHOBHbIX omepauuit [1]: Hakauka B
yHaneHHol ropsieii 30He; GOPMHUPOBaHHME ATOMHOTO HJTM MOHHOIO My4Ka, ero OXJIaXIeHHe
qisi o6pa3oBaHHs CKPLITOM HHBEPCMM M, HaKOHeL, 3aBEpIIAIOLIMKH MpOUEcC YCHJIEHHA
crioHTaHHOro u3nydenus. CymMmapHasi MPOJOJDKUTENBHOCTb BCEX CTAAWH MPUTOTOBIEHMS

CpeMbl, AaXe MPH YaCTHYHOM COBMELIEHUH HEKOTOPBIX ONepaLHii, He JIOJKHA CyLIECTBEHHO
NpEeBOCXOANTb BPEMsl XKH3HH T BO30YKIAEHHOIO COCTOAHMS, 4T00OBl COXPaHUTb AOCTATOYHYIO

KOHLIEHTPALMIO Ny K HA4ay 3aKIH04UTENbHOM CTaauH.

t0 TpeboBaHue BCTyNaeT B MPOTUBOPEUHE C TEHACHUMEH K YMEHbIICHHIO BPEMEHH

KH3HH 7, KOTOPOE OfpeNensier iybMHy OXJaxJeHus IMyuka,  HeoOxXomumywo i
npuOIKeHUs] HEOTHOPOLHOTO YIIMPEHHSA JIMHUK K €CTECTBEHHOH pafiMallMOHHOMN LIMPHHE
Y HOBBIIEHMS TeM cambiM Kkoddduuuenta ycuneHus. OTO OOCTOATENBCTBO 3aMETHBIM
06pa3oM MOXeT 3aTPyAHWTb TPUMEHEHHe COBPEMEHHBIX METONOB OXNAXIEHMS aTOMHBIX
nomysAuMit ¢ MOMOLIBIO ONTHHeCKMX nasepos. Heckosbko mpoue obcrout neno crnpu
MOHOKHMHETH3ALMH My4YKa ero yCKOpeHHeM B dJekTpudeckom nose [1], Ho u B sTOM ciyHae
BpeMs OXNaXIEHHs BPsJ Ji¥M MOXHO CHENaTh CYLIECTBEHHO HIDKE HECKOJNBKMX AECATKOB
HaHOCEKYyHJ.

IMosToMy MpeACTaBisieT MHTEPEC BO3MOXKHOCTb  PaJMKaIbHOrO yCTpaHeHux-
OTMEUEHHOrO TPOTHBOPEUHs MyTeM COBMELICHHS NEPBOA M MOCIenHeH CTaguil MpOTOKOJA,
OCYIIECTBNAS HAKauky YK€ CHOPMHUPOBAHHOrO M OXJKAEHHOTO 3apaHee My4ka
O/IHOBPEMEHHO W TapajiieNbHO C MPOLECCOM CTUMYMUPOBAHHOTO HCITyCKaHH. 310
OTKpbIBET BO3MOXHOCTb HCIIONIB30BAHUA KOPOTKOXHBYIHMX COCTOSAHMH CO 3HAYUTESIbHOM
paIMalMOHHON LUMPHHOH, 4YTO OCBOOOXKIAET OT HeoOXOAMMOCTH B CBepXriiybokoM
“oxNamKeHUn’ SIepHOro Iy4ka. - .

Jrta paGota yacTuuHO nomepxana PO®U (rpant Ne 96-02017682) u Ilporpammoi
EOARD (npoekt SPC96-4033.)

MOCKOBCKHI1 FOCYAaPCTBEHHBIA UHCTUTYT PaAUOTEXHHUKH,
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Mocksa, 117454, npocn. BepHazackoro 78.
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Appendix 5

4

L \
WHAyuUMpOBaHHasi aHHUTUASILUA aTOMOB MO3UTPOHUSA NPU BHEWHEM

nopxwure
A.A.3adepHoseckuli, J1.A.PuenuHx

1. BBegeHue

AHTuMaTepysi, Kak MOeaNbHbIH HCTOYHMK COCTOSHMH C  OTpMUATesbHOH
temnepatypoil [1, 2], maBHO npuBrekaeT BHUMAHHUE WCCIENOBaTeNeH, WIYIMX MyTH K
[OJTy4EHHIO KOTEPEHTHOH TreHepaluM raMMa-KBaHTOB W, B KOHEYHOM HTOre, CO3JaHHIO
ramma nasepa. OcoGeHHO 4acTo, kak HauMeHEe 3K30THHYecKas, paccMaTpuBalach B 3TOM
OTHOLUEHHK DEAKIMs aHHUTHISLMH 3JIEKTPOHOB M mo3uTpoHos [3-10]. B nanHoii paGote
MCCIIENyeTCs BO3MOXKHOCTb BHEIUHEro MOPKHra BCTPEYHbIMM (OTOHHBIMH  IyuKamH

1aBHHOOOPA3HON HHAYLHPOBAHHON aHHUIUIIALMU aTOMOB [IO3MUTPOHHSL.

Kak ussectHo [11], mpy MajibiX OTHOCHTENBHBIX CKOPOCTAX CBOOOAHBIX 3JIEKTPOHOB
Y MO3UTPOHOB V<QC (& - NOCTOSIHHAs TOHKO# CTPYKTYpBI, C - CKOPOCTb CBETA B BaKyyMe)
CTQHOBMTCA CyLIECTBEHHbIM KYJOHOBCKOE MpPUTSDKEHHWE MEXIy YaCTHUaMH M HX
AHHUTHISILES  TIPOMCXOAWT B  GOJILLUMHCTBE CilydyaeB 4epe3 cTaauio  ofpasosanus
BOZOPONONOAOOHOrO CBA3aHHOTO COCTOSIHUSA 3JIEKTPOHA M MO3UTPOHA - ATOMA IMO3UTPOHHUS.
B HM3LIEM JHEPTETHYECKOM COCTOSHMM aTOM MO3UTPOHHs CYLIECTBYeT B ABYX BHIaX: C
aHTUMapa/UIeNbHBIMM  CIMHAMM  OJIEKTPOHA M MO3MTPOHa  (MapamosuTpOHMi) M
NapannenbHBIMM  CIMHAMM  SNEKTPOHA M MO3WTpoHa (opTomosutpoHmii). OcHoBHOe
COCTOSIHUE OPTOMO30TPOHMSI CO CIIMHOM PaBHBIM €IMHULIE TPEXKPATHO BBIPOKACHO IO
NPOEKLIMAM CMIMHA 1 103TOMY aTOMOB OPTONO3UTPOHMs 00pasyeTcs B TpU pasa bonbiue, yem
aTOMOB Naparo3uTPOHMs. B cuily 3aKOHOB COXPaHEHMs 3HEPrUM M HMMIyJNbCa M 3aKOHA
COXpaHeHWs 3apsOBOM YETHOCTH NpH 3JIEKTPOMArHUTHBIX B3aHMOZNEHCTBHAX, aTOM
[aparo3UTPOHMS AHHMIHIMPYET C MCHYCKAHHEM TOJILKO 4eTHOro umucna (aByx u Goiee)
$OTOHOB, a aTOM OPTOMO3UTPOHUSA - C MCIYCKAHHEM TOJIbKO HEHETHOro Yucna (Tpex u
6onee) QoToHoB. B cBsasu c 3TMM, Oba BHEA AaTOMOB TMO3WTPOHMsL- OKAa3bIBAIOTCA
ype3BbIYAHHO MPUBIEKATENbHBIMM JUIA NPUMEHEHMs METOJA BHEIIHero IOJDKUra

MHIYLMPOBAHHONW aHHUIUISILIMH C TOMOLIBIO BCTPEYHBIX HHTEHCUBHBIX (OTOHHBIX My4YKOB.
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2. MeToq, BHeWHero nomxura uup,yuupdaafHHov‘l AHHUIUNSLUUN MO3UTPOHUSA

MeTo[ BHELIHETO MOIKUTa BCTPEYHBIMH (QOTOHHBIMHM IyYKaMH JBYXKBAHTOBOTO
Mpoliecca CTHMYJMPOBAaHHONO HCIYCKaHMs BrepBble Opemioxed B [12]. BosmoxHOCTH
MpUMEHEHHs 3TOr0 MEeTOJa K KONeKTHBY CBOGOAHBIX BO30YXKIEHHBIX sifep MOAPOOHO
paccmotpena B [13]. ITokasano, 4To B OTJIMYME OT OAHOKBAHTOBOTO MPOLIECCA UCITYCKaHHA C
JOTNEPOBCKMM YINMPEHHEM JIMHHM YCHJIEHHs, B MPOLECC MHAYLUPOBAHHOTO H3IIy4EeHMs
raMmMa KBAaHTOB BO BCTPEYHBIX Myukax (POTOHOB C BHEPrusAMH ONM3KMMU K IOJIOBHHE
SHEPTUM SNEPHOTO MEpeXoia BOBJIEKAIOTCS MPaKTUYECKH BCE s/pa, HE3aBHCUMO OT MX
CIy4aiiHbIX MHIAMBUIYaIbHBX ckopocTed. IIpu 5TOM, yCTaHAaBIMBAeTCs MPHUCYIIHE JHMIUIb
ABYXKBAHTOBOMY CTHMYJMPOBAaHHOMY MCITYCKaHMIO CHELMANbHBIA BUA [HHAMHYECKOM
pacripenesieHHON 06paTHOM cBA3u Ge3 kakux-1ubo OTpaxaroluX CTpyKTyp. HemmHelHOCTH
obpaTHOM  CB3M  BBI3bIBAGT  JNaBMHOOOpasHOe  CHsATHe  BO3OyxjeHus  sfep,

COIPOBOXKIAOWIEECH U3TyHCHHEM TUIraHTCKOIO UMIyJIbCa raMMa KBAHTOB.

IIpyMeHEHHE METO[a BHEILIHEroO MOMKMIa K aHCaMbro aTOMOB MO3UTPOHHMS MMeEEeT
pan ocobexHocTel [14] , 0OycnOBNEHHBIX aHHUTWILILMEH TMO3UTPOHMSL B MpoOLEcce
H3JTYUEHHA, TO €CTh HCUYE3HOBEHHEM HOCHUTEII UMITYJIbCa NPU UCITYCKAHUH raMMa KBaHTOB.
B cBsi3M C STHM, HanpuMep, AHHUTWIALMA T[OKOJALIErocs aroma napano3UTPOHMs

COMPOBOXAETCS MCIYCKAHHEM [BYX KBAHTOB CTPOTO MPOTHBOTMOJOXHOTO HANpaBieHHs U
. 2 .
onuHakoBoit snepruu fiw, ~ mc” = 0,511 Mas , pasHoli noOBUHE SHEPTUM OCHOBHOIO

cocrosiHus. JIBHOKYIIuMiiCs JKe C HEKOTOPO# CKOPOCTBIO V aTOM Maparo3uTPOHHUs. HE MOKET

(8 ornuyue OT CBOOOIHOrO snpa) MCHYCTUTh [ABA OJMHAKOBBIX ramMma KBaHTa B
NPOTUBOMOJIOKHBIX ~ HAaNpaBNEHMAX. AHHMIWIALUMS — TAparno3UTPOHMS  MPEMSATCTBYET
BBIIOJHEHMIO 3aKOHAa COXpaHeHWs MMIyJbca B 3ToM mpouecce. IlosTomy nuHus

AQHHUTMISIMOHHOTO H3JIy4eHUs] KOJUIEKTHBA aTOMOB Napano3uTPOHHsl UMEET JAOMIIEPOBCKYIO
mupudy A@pu npu 0GAydeHHMH BCTPEYHBIMH MOKHUTAIOWMMM  IyYkamd (OTOHOB,
COCPENOTOYEHHBIX B 4acTOTHOH mnonoce A@ BOIM3M 4YacTOTBl @), , B TpPOLECC

HHI(YHHPOBaHHOﬁ AHHUTWJIIHUKU  OKa3bIBAKOTCsA  BOBJICHCHHBIMH JIMIIb Majlad  [OOJIA

-~

~
6‘=A(0/A60D aTOMOB MO3UTPOHMs, MNPHHAIIEKAIMX LEHTPAJbHOMY YYacTKy HX

CKOPOCTHOTO pacnpexenenus Bomusn v=0 .

g4




Bo3Hukarouue B CBA3H C 3TUM [OBLILIGHHEIE TpeOOBaHUsI K MOHOKHHETHHYHOCTH
[Iy4Ka aTOMOB TO3UTPOHHS MOTYT OBITH YAOBJETBOPEHBI C MOMOINBIO PAa3JIMYHBIX METONOB
NpeNBAPUTENbHON MOHOKMHETH3ALMM 3JIEKTPOHHOTO M MO3UTPOHHOTO  IyHKOB, npnv
CMELIMBAaHMM KOTOpPbIX OOpasyercs mo3utpoHuil. IIpocTeHIunMM M3 HUX SBJISETCS METOR
YCKOPEHHA 3apHKEHHBIX 4YacTULl TpU O,ZlHOBp'eMeHHOM BO3JEHICTBUH MMITYJIbCHOTO
3JIEKTPUYECKOTO MOJSI Ha BCE YAaCTHLbI, COAEPIKAIIMECS B MEKIJIEKTPOSHOM HPOMEXYTKE
[15].

BaxHbIM TMPEUMMYLIECTBOM AaTOMOB MO3UTPOHHMs TEpPen  sApaMu  sIBILSIETCS
BO3MOXHOCTb MCIOJIb30BaHUS PEITUBUCTCKUX MO3UTPOHMEBBIX MYYKOB, YTO CYLIECTBEHHO
CHIDKAeT TpebOBaHUs K UCTOYHHMKY TOIXKUTaroIX (POTOHOB BCTPEYHOro HanpasnieHus. Taxk,
SHEpPrusl MOMKMralomux (OTOHOB, KOTOpas B CHCTEME MOKOS Mapalno3WTPOHHMS NOJDKHA

6bITH paBHO# AW, ~ mc? = 0,511 Mss mosker GbITh yMeHbIIeHa G1arofaps AOTLIEPOBCKOIL

TpaHchOpMaLMK A0 BENTUUUHbL ha)ign, onpenensieMoil paBeHCTBOM

ha) _ m02
S | A (1)

rae ¥ - pensiTMBHCTCKMiT dakrop mydka aTomoB no3utpoHuws. Hampumep, mpu sHeprum

2
3/IEKTPOHOB M TMO3UTPOHOB B Myuke MC“y = 260 Mo (¥ =~ 500 ) sneprus nomkuratommx
3 o
$poToHOB MOXeT 6bITh ymenbinena B 10 pas u crats pasHo#t A@;,, =0,519B.
ORHOBPEMEHHO C 3TMM, B CHCTeMe KOODAMHAT ABIIKYIIEHCS BMeCTe C aTOMaMH
MOSHTPOHMS B ¥ Pa3 YBEJIMYUBAETCA TUIOTHOCTb QOTOHOB BO BCTPEUHOM MOKMIAOLIEM
AQ 2 2P 2
My4Kke, a YraoBas PacXOAMMOCTb ymensmaercs 8 ¥ + (" —1) ~4y“ pas. B
pesynbTaTe, SPKOCTb (CIEKTPaNbHO-YINOBas IUIOTHOCTb MOTOKAa (OTOHOB) 3TOrO IMy4Ka

3
doTonos Bospacraer B 4y pas, 4TO MM MPUBEIEHHOTO YHUCIEHHOrO NPHMEpPa COCTaBIIAET

suaunTenbayio Benmunny 5.10% .

-~

r'e

Pasymeercst apyroil my4ox (OTOHOB, COBMNAAAMOIMH C HANPaBICHHUEM IBHXXEHUS

aTOMOB MO3UTPOHUs, HMCIBITHIBAET OOpaTHYr0 TpaHCHOPMALMIO H, TO3TOMY, SHEprus

[MOWKUrAOUX (POTOHOB B HEM IOJDKHA ObITh 4pe3BbIHaifHO GOJIBLIONH 2mc27 =(0,5I"sB.
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Cnemyer OTMETUTb, ONHAKO, 4TO (POTOHBI f{y;cﬂoﬁ SHEPruy M HY)KHOTO HaIpaBJIeHHs
POXTIAIOTCA B K&KAOM aKTe ABYyXKBAHTOBOH CTIOHTaHHO-CTHMY/IMPOBAHHOW M3JTydaTelbHOH
aHHUTMLILMH aTOMOB Mapano3UTPOHUS, BbI3BAHHOH OJIHMM TOJIbKO [EPBBIM MOIXKUTAFOLIHM
MydkoM. B Takux pajgMalMOHHBIX MEPEXOAaX BHELIHEE OJIEKTPOMArHUTHOE M3INyYEHHE
CTMMYJIMpPYET JIMLIb OHY YacTh JBYXKBAHTOBOTO nepexosia K UCMyCKaHuio GOTOHa, BTOPOH
e GOTOH M3Jyyaercst CMOHTaHHO. IIpy 3TOM, COrJIACHO 3aKOHAM COXPAaHEHMs SHEPruH U
MMIy/IbCA B CHCTEME TOKOS aroMa MO3MTPOHMsA 4acTOThl 000MX (OTOHOB COBNRNAKOT, a
HanpaBleHHe BbUIETa CIOHTAHHOro ()OTOHA CTPOrO MPOTHMBOIOJNOXHO HAMNpPABICHHUIO
CTHMYJHPYIOLIEro u3ydeHusi. PoxkIeHHBIE TAKMM 006pa3oM CIIOHTaHHbIE HOTOHBI UIEANbHO
MOAXOAAT st MOCNENyIOWero y4acTus B aKkTax JABYXKBaHTOBOW CTUMYJIMPOBaHHO-
CTHMYJIMPOBAaHHOM aHHUTWILILMH aTOMOB ITO3UTPOHMsS M, CJI€[OBATENbHO, MOTYT WIpath

POJIb BTOPOTO MOJIKUTAIOLIETO My4Ka.

Heo6x01uMO MOTYEPKHYTh, YTO TaKas JKECTKas CBA3b MEXIy CTUMYJIMPOBaHHBIM U
CTIOHTaHHBIM (OTOHAMM YHHKaJIbHA MMEHHO U4 Mpolecca aHHUTMIALNM, KOrzha
MPOMCXOANT HCUE3HOBEHHME uamyuyaTend. IIpu siiepHBIX ABYXKBAHTOBBIX CIIOHTaHHO-

CTUMYJIMPOBAHHBIX MeEpexonax yroJ BblJIETA CIIOHTAHHOTIO Q)OTOHa Mo OTHOLICHHK K

HaNpaBJIEHHIO CTUMYJIHPYIOLIErO M3JTy4EHUS MOXET U3MEHSTBCS B IIMPOKMX Npenenax ot 0
10 27T, a UMIyJIbC OTAAa4H NPUHUMAET Ha cebst AzIpo.

CrienpuueckuMd  CBOMCTBaMM OONafiaeT BHEWIHMI MOMKUI  TPEXKBAHTOBOH

HHIyUMPOBAHHON aHHUIMILILMU OPTOTMO3UTPOHUs.. B CHily 3aKOHOB COXpaHEHHs SHEPruH U

umnynbca, sHepruum A@,h@,,fic); Tpex WCHYMEHHbIX AHHUIWLILMOHHBIX (OTOHOB

2
HOJDKHBI M306paXaThCs ANMHAMH CTOPOH TPeYrojbHUKA ¢ mepumerpom 2mc” . IToatomy
BEKTOPBI MMITYJIbCOB 3TMX (JOTOHOB M YIIbl MEXOYy HHMMH TMOJHOCTBIO ONPENENIOTCS

3agaHueM 5Hepruii nByx ¢otonHos. Ilpu 3TOM, ecnu nBa (OTOHA HMEIT CyMMAapHYIO
2 .
3HEPTUI0 ha)l + ha)2 = mMC”, TO UMIIYJILCBI BCEX TPeX (POTOHOB NOJIKHBI JIEXKATh HA OHOM

- ” . 2 .
npaMoii u Tpetuii GOTOH ¢ dHeprueil fiw; = MC” HCHYCKAaeTCs B HAMPABIEHUH B TOYHOCTH

06paTHOM HAIpaBJIEHHIO UCIYCKaHHUs NePBBIX ABYX. [l BHEIHEro MOKUra “rojHOCThI”
CTHMYJIMPOBAaHHON aHHUIWISIMM Tenepb mnotpedyerca Tpu myuka (OTOHOB - nBa

napajuieJIbHbIX B OJHOM HAanpapJICHHUH U OJUH B NIPOTUBOIIOJIO’KHOM HallpaBJIC€HUU.
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Ocofoe  3HaueHHe MMeeT BBHIPOXKAEGHHBIA  CIOyuyail  paBeHCTBA  3HEPruil

2
ho, =ho, =mc /2, KOrJa /Ba MapasuleNbHBIX MOTOKa (OTOHOB OJHOIO HANpPAaBIECHHUS

CIMBAIOTCS B OAMH IMOTOK, KaXnblii (OTOH KOTOPOro MHAYUMPYET B aKTE aHHHUTHILILMH
. 2
OPTONO3UTPOHMS HCIYCKAHUE Cpasy ABYX KBAaHTOB C SHEPTHCH fiw=mc / 2.B pesynbTare

k03 ULHMEHT YCUIEHHUs 3TOro Myuka GOTOHOB BO3PACTAET BABOE MO CPABHEHHIO C ITyYKOM
BcTpeuHblx  ¢oroHoB. Ilpm  3TOM, YCNOBHMS ~ AOIUIEPOBCKOIO — PENATUBHUCTCKOIO
npeo6pa3oBaHyst YACTOTHI MOMKUIaIOIMX (POTOHOB B 3TOM IyUKe BABOE Oonee MArKUe, YeM

MpY TOMKUIe [BYXKBAaHTOBOIl HHIYLMPOBAHHON AHHMTWIALMM mapanosuTponus (1).

Hanpumep, NpY SHEPruM MOHKHrauuX (GOTOHOB ha)ign=0,51<3B Tenepb JAOCTaTOYHO

HCTIOJIb30BaTh PEJATHBUCTCKUIA My4OK aTOMOB OPTOMO3HTPOHHUS C SHEPTHel 3JIEKTPOHOB U

2 o
nosurporos Mc“y =130MsB (¥ #250) nporur 260MsB nms  aByxKBaHTOBOI
AHHMTHMIIALNU TIAPANO3UTPOHHS.

HenpeMeHHbIM aTpuOyTOM CTHMYJNMPOBAHHOW AHHUTHILILMH MO3UTPOHMS B MOJE
JBYX BCTPEYHBIX IMy1KOB q)OTOHOB SIBJIAETCsI AMHAMUYECKas pacrnpencicHHas 06paTHa;1 CBA3b
MEKIy BCTPEUHBIMU BOJHAMH. PoxneHHble GOTOHBI 10 CaMOMy CMBICITY MHIOYLMPOBAHHOTO
M3Ty4EHHsI OKa3bIBalOTCA Oe3ynpedyHo c(asMpOBaHHBIMH M TMOMAJAIT B HYKHYK MOZY.
HenuueiHOCTs OOpaTHON CBSI3M OMpEAENseT OUHAMHMKY YCHJICHHsS BCTPEYHBIX My4KOB
(GOTOHOB M NPH ONpENENEHHBIX YCIOBHAX BBI3BIBAET JABUHOOOPA3HYIO HMHIYLMPOBAHHYIO
AHHUTWBINUMKD aTOMOB ITO3UTPOHHA, KOTOpas COMpPOBOXKAACTCA H3JIy4YCHUEM TIUTaHTCKOT'O

MMIIyJIbCa raMMa KBaHTOB.

3. [lMHaMMKa yCUrieHUs BCTPEYHbIX MOMKMIaloWmMX Ny4kos. Mapano3uTpoHmii.
B cucTeMe KOODAMHAT, JBIKYIIEHCs BMECTE C MyYKOM aTOMOB Maparlo3UTPOHUS C

xoHuenTpauueit N | ycHieHHe BCTPeUHbIX OTOKOB raMMa KBaHTOB C IIOTHOCTIO | m I

[em?c] B Tenectom yrae AQ u cnextpambHoii nonoce Ay = 1/7 , pasmoit o6parHomy

BPEMEHU >KH3HH NApano3vuTpOHHs], ONTHChIBACTCS B CTaIMOHAPHOM CJIy4ya€ YpaBHCHHAMU

-~
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a _ B(eN —=DIT" +;/gN(1+]*)+808—N——0'(N+ +N_)I
T

az (2)

-‘;L =B(eN -DI" +yeN(I+1")+ goeiv—— o(N,+ NI
A T

€)

roe  MmHOxutenb & = Awyg /AcoD MOKa3blBa€T  JOJIO  aTOMOB  MO3UTPOHUS,

B3aHMOMEHCTBYIOIIMX C BHEWIHUMH MOUKUTAOLMMH Myukamu (oronos, (N ++N_) -

COBOKYIHOE HYHCJIO 3JEKTPOHOB M TMO3UTPOHOB B Imyd4ke. llepBbie uneHbl ypaBHEeHMH
OTBEYAIOT 3a JBYXKBAHTOBOE CTMMYJIHMPOBAHHOE HCITYCKAHME MIIM MOrjoleHHe (GOTOHOB C

4
xosbdunuentom [ [cM'c] NpU aHHUTUIALMK MK POXKAECHHH aTOMOB ITO3UTPOHIS, BTOPEIE

YJIEHb! YYHTBHIBAOT CIIOHTAHHO-CTUMYJIMPOBAHHOE HCITyCKaHHE d)OTOHOB BO BCTpPCYHBbIC

*
myuku [ u I ¢ xoadpduuuentom y [cM?], TPETHH HiIEHBI OMHCHIBAIOT YHUCTO CIIOHTAHHOE
UCITyCKaHME, NIPUUEM MHOXMTENb &y = AQ/ 47 nokasbiBaeT 100 GOTOHOB, NONANAOIIMX

*
B TenecHblit yron AQ) | oxsarbisarowuii myuku | u I, u nocnennue unensr xapakrepusyior
NONMHBIE TOTEpU (GOTOHOB M3 KAXKIOrO Iydka C CeYeHMeM paccesHus O [cM’], Z -

NPONONbHAs KOOPAMHATA 30HbI yCHIeHus ¢ JuuHo# L .

Ionosxwurensroe yeunenue ¢ dI/dz >0 u — dI*/ dz > O nocruraercs ecnn
2B(N DI >[o(N, +N_) - 2yN|I+1") - 2606 N/7 . Q)

*
Ortcioza, BBOAS WHTEHCUBHOCTH MOKMTAOIIUX MYYKOB (OTOHOB Iign U Iign = Iign / M Ha
BXole B 00JacTb yCWJIEHMs, MOJIydaeM YCJIOBHE, KOTOPOE MOHO pPacCMaTpHUBaTh - KaK
MOPOTrOBOE JUISl MOKUIa

Lgn > To(14 41) | Lo >To(1+ )/ ©)

rae .

_o(N,+N_)/Ny —2¢y

Iy
2¢p ©)




¥ TOCJeAHUH uneH B (4) OMyleH u3-3a MaJIOCTH MHOXMTENA &, & TAKKE MPEANOaraercs,
YTO HauaNbHAs KOHLEHTPAlMs aTOMOB MO3WTPOHMs Ny JOCTAaTOYHO BENHKAa, TaK YTO

&Ny >>1.

Ecii MHTEHCHUBHOCTM BCTPEYHBIX MYYKOB CYIIECTBEHHO MPEBBLIMIAKOT MOPOrOBLIA
ypoBeHb, TO B ypaBHeHWsiX (2), (3) MoxHO mpeHeOpedb BCEMH lI€HaMH, KPOME NEpPBBIX.
Torna nosydaem

*

dl  dI .
—=——=fBeNII
dz dz 0

*

orkyna d(I1+17)/dz=0 u 141" =T, + I, =T, +1,, =const , rre I, u I3, -

MHTEHCUBHOCTU ITy4YKOB Ha BBIXOHAE H3 obnactu YCUJICHUA. PeBy.l'leaTOM HHTCIPUPOBAHUA

cuctrembl (7) SBNSAETCS TPAHCLEHIEHTHOE YPaBHEHME IJIA “4HUCTOr0” 3HAYEHMs BBIXOXHOH

* *

unrencusroctu I =1, — L =15, — L, na nmne younenus L

-1

I I 1 ~
o4 p| Inf| =41 g +1| | =1, AL .
Iign Iign Iign ( )
rae N - cpem{m KOHIICHTpaI_IPIﬂ aTOMOB ﬂOSPlTpOHPISI B Hy‘IKe
. 1t
N =—=[N(z)dz
L 0

€))
PeweHye 5TOro ypaBHEeHMs TPENCTaBNeHo Ha puc.] B Buze 3aBucumoctn 1 / Iign oT

napametpa akTuBHOCTH ycunmpaomed cpemst A = I, SeNL nna pasmunoit crenenn

aCCHMMETPHH HHTEHCHBHOCTEH MOIKUTAIOIMX My4YKOB OTOHOB AL .

OcoBeHHOCTBIO KPUBBIX SIBJIIETCA X HEOJHO3HAYHOCTb U TUCTEPE3UCHBIA XapaKTep.
Ilpy [OCTIDKEHMM MapameTpa aKTUBHOCTH A XpuTHUECKOro 3HaYeHWsi NPOUCXOMUT
NaBUHOOBPa3HEBIH CKAYOK Ha BEPXHH y4acTOK S - 0Gpa3HbIX KPHBBIX U pe3Koe BO3pacTaHue

CKOpOCTH HHHyquOBaHHOﬁ AHHUTHIBIIMY, COMPOBOXOAOIIECECSA U3JIyHCHHEM T'MIaHTCKOI'O

UMITyJibCa raMMa KBAHTOB.




HeoGXOAMMO OTMETHTB, YTO Pa3phbIBHBIN XapakTep KpMBbIX Ha puc.l umeer cBoeit

MPHYMHOMN NeliCTBUe AUHAMUYECKOH pacrpeneNeHHoNl 0OpaTHOM CB3U MEKIY BCTPEYHBIMH
notokamu ¢ortoHos [16]. Kospduuuenr obpatHodl cBsazu P , ONpenensembiii uepes

*
npHpaLIeHHe [UIOTHOCTH MOTOKa (JOTOHOB OOPaTHON BOJHBI dl' ua snemenre mmune dz

rox neiicTBHEM MPSMOii BOJHBI € MIOTHOCTbIO oToka I, nmeer Bun

= 1d—I-—ﬂgNI*

p=-—-= ,
Idz (10)

HenuHeiiHblli XapakTep CBA3M MEXAY BCTPEYHBIMH BONHAMHM OOYCIOBJIEHHBIH aKTaMu

CTHMYJIMPOBaHHO-CTUMYJIUPOBAHHONW AHHUTWIIALMM I1AParno3UTPOHMs MPUBOOMT K POCTY
*

ko3(duimenta cBsizu P BMmecre ¢ I, 4To W sBiAercs NpUYMHOHN JaBMHOOGPA3HOTroO

pasBUTHS NPOLIECCA HHAYUMPOBAHHON aHHUTHILALMYL

3. BepoATHOCTbL MHAYLUUPOBaHHOW aHHUIUNALUUM Napano3nuTpoHus

Ces13b MEXIy BEPOSTHOCTHIO CIIOHTAHHOM M HMHAYUMPOBAHHOW aHHUTHIALMH
Napano3UTPOHHs NPOLIE BCEro YCTAHOBHUTH € MOMOIIBIO COOTHOLIEHHS DWHIUTEHHA MEXy

CMEKTPaIbHBIMH KO3((hHULHEHTaMH CIIOHTAHHOTO H3JIY4eHHUs A(®) u vHIyUMpOBaHHOTO

usnyuennss B(w) [17]

B T C (11)

roe kospduuuent A(®) onpenensier BEPOATHOCTb CIOHTAHHOTO M3NydeHus (oToHa

YACTOTBI () B CreKTpanbHbiii unTepsan d@ u uutepsan Tenecubx yrios d2

dW, = A(a))da)iE ,
& (12)
a ko3pduuueHt B(a)) - BEPOSITHOCTb CTHMY/IHMPOBaHHOTO u3NmydeHMs (oToHa TO# ke
4acCcTOThI - L
dW, = B(w)U(@,8,p)dadQ (13)
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B [PUCYTCTBUMU 3JIEKTPOMATHUTHOI BOJHBI CO CHEKTPAJIbHO-YINOBOA MUIOTHOCTBIO HEPIUH

U(w,08,9). C nomowsto cootHouenns Oinmreiina (11) nmepenmmem (13) B Bupe

ynoGHOM 115 JaJlbHEHIIEero MPUMEHEHUs
dW, = (#/4)A(0)(@,k)dadQ (14)

ree I(@,K) = (@,0,¢) - cnexrpanbHo-yrioBas ILIOTHOCTb TMOTOKA HOTOHOB (APKOCTB)
CTHMY/IMPYIOUIETO M3Jy4eHus C TMHOM BomHbl A 1 BosHOBbIM BexTopom K.

BeposTHOCT> B €OMHHUIY BPEMEHM JABYXKBAHTOBOM CIIOHTaHHO-CIIOHTAHHOH
AHHUTHJIALMH aTOMAa NAapano3nTPOHMsA ¢ H3yueHHeM (POTOHA YaCTOThl () B CMEKTPAJIbHbIH

unrepsan dw u unrepsan Tenechbix yrnos dC2 paexa

dW,, = W, (@ - op)do = ,
4 (15)

rie W, =1/7 - obpaTHoe Bpems >M3HH Napanosutponmus, Wy = asmcz/ (2n) =
0,8.10'° ¢ [11], g(@) - dynxums Jopenua ¢ wmpunoit Awy =17 u hay = mc?.

Hcnone3ys asaxabsl nepexon ot (12) k (14), HakimeM cHayana BEPOSTHOCTH B

€IMHULY BPEMEHH CIIOHTAHHO-CTUMYJIMPOBAHHON aHHUTMIIILUH
AW, = (2/4)W,g(o - o) (@, k)dwdQ (16)
a 3aTeM M CTUMYJIMPOBAHHO-CTUMYJIMPOBAaHHON aHHMIMJIALMU MaparioO3UTPOHUS
AW, = (7 2% [4)W,_g(w - 0p) (@, k)] (@,~K)dwdQ (17)
BO BCTPEYHBIX MOTOKAX CTHMYJMPYIOLIETO M3JYYEHHUS C SPKOCTBIO (OTOHHBIX My4KOB
(k) u T (0,7K).
COOTBETCTBEHHO, CKOPOCTHAst KOHCTaHTa ¥ B ypaBHeHWsiX (2), (3), oTBeyaromas 3a

BKJIaQ CHOHTaHHO-CTHMYJIPIpOBaHHOﬁ AHHUTHIALUWY, paBHa

y=2]@n), ’ (18)

of




rie . = 27h/(mc) =2.4.10"%wm ecrb xommToHOBCKkas AmmHa BomHel u ¥ =0,9.10°

20CM2, a CKOpOCTHasi KOHCTaHTa ﬂ , Jaromas BKJIaX CTUMYJIMPOBAHHO-CTHUMYJIHMPOBAHHBIX

AKTOB aHHUTHIIALUNA UMECT BUJ

_Ae 1

4. YucneHHble OLeHKU A5A Napano3nTpoHUs

YucrieHHble OLEHKH PEACTABeHb! MU MyHKa, B KOTOPOM aTOMOB Maparo3UTPOHs
g 10> pas menbme, ueM CBOGOIHBLIX 3/EKTPOHOB M MO3UTPOHOB, a CTETNeHb
MOHOKMHETMYHOCTH TaKOBa, 4TO MOJIS aTOMOB MapanO3WTPOHUS, B3aMMOAEHCTBYIOLIMX C

(GOTOHHBIMM ITyYKaMH, COCTABIISET £ = 107 .

Ioporosble SPKOCTH MOMKUralOIMX My4koB (GoTOHOB oueHmBarotcs no (5) u (6)

BemuuuHaMu L, /(AC()OAQ)>8.1022 em? crpan’ n I /(AO)OAQ)>8.1020 cm’

ign
crpax’, rae mpuust kosdouument accummerpun =100 u yuteno, uro ocHoBHOIA
MPUYMHOM MOTeph raMMa KBaHTOB U3 My4Ka SBIIAETCA KOMINTOHOBCKOE paccesiHie GOTOHOB ¢
CeueHHMEM B paccMaTpuBaeMoOl ob6nacTu 4acToT pasBHeIM [11] O = 0,4(87[/ 3)r02 =
2,6.10% em” (1, i 1,=2,8.10"
,0. cM” (I - KTaCCHYECKHH pafinycC 3JIEKTPOHa, Iy =2,0. cM).

IMapaMeTp aKTHBHOCTH Cpelbl, KpUTHHMECKUH 111 Havana MOIKUra JaBUHOOOpasHOM

HMHIYLUMPOBAHHOM AHHUTWIALIMH Mapano3HTPOHUS Onpenensiercs yCI0BUEM

A, = (Iign ﬂgNL)cr~1 (cM. puc.l), KOTOpoe .Jisi MOPOrOBOTO 3HAYEHHS SPKOCTH
nowkuraiomero gorounoro myuxa I, / (Aw,AQ) =8.10% cm? crpag” Moxer GuiTh
ynoBsJeTBopeHo, Hanpumep, npu N = 108cm® u L = 10m . Kpuruueckue 3Hauenus A, u

(In /Iign)cr norapudmudecku cabo 3aBUCAT OT CTENEHH aCCUMMETPUH TOIPKHIa [ , 4TO

-
IMO3BOJIAET HAACATHECA Ha CTApT MpoLecca ﬂaBHHOOGp%HOI/I HHIIyuPIpOBaHHOﬁ AHHUTHWIALIMHA
MO3UTPOHUS C YPOBHA IUIOTHOCTH MNOTOKAa CHOHTAaHHBIX (I)OTOHOB, UCIYUICHHBIX MNpH

CIIOHTAHHO-CTUMYJIMPDOBAHHBIX aKTaX aHHUTWIAOWH, TO €CTh B OTCYTCTBHE BHEIIHETO

*
nomxkurarouero mydka I . B 3ToM ciyyae MMeeT CMBICH HCHONB30BaTh NPEUMYIIECTBA

[N
O




e

PENATHBUCTCKOTO JBIDKEHHMs aTOMOB MO3MTPOHMs. Kax ykaseiBanoch Bellle, BCTpEdHOE

JBIKEHHE aTOMOB TO3HTPOHKA B Myuke ¢ penstusrcTckuM daxropom ¥ ~ 500 moseonser

B 4}/3=5.108 pa3 CHH3UTH APKOCTb NOmKurarouero ¢oroxHoro myuka. Kpome Toro,

3
sHeprist (JOTOHOB B MODKUTAIOLIEM TyHKe MOdXeT GbiTh CHivkena, cornacko (1), 8 2y=10
pas. B urtore, MOpPOroBOe 3HaueHHe CIEKTPAIbHO-YIJIOBOH MNIOTHOCTH IOTOKA SHEPTUH B

08 1017 2 -1
nomkuratomem mydke cocrasur 0,8. 3B cM* crpan’ , 4TO NOMajaeT B AUANA30H

IOCTH>KMMBIH C MOMOLIBIO PEHTTEHOBCKHUX JIa3€pPOB.

5. [luHamuKa yCuneHus BCTPEYHbIX NOHKUralowmx nyykos. OpTono3uTpoHUi.

JlaBuHOO6pa3HOE U3JyYeHHe THIAaHTCKOTO MMITYJibCa FaMMa KBaHTOB MPOMCXOMAUT U
MpU BHEUIHEM MOIXKHMIe TPEXKBAHTOBOH MHIYLUMPOBAHHON aHHUIMIIALMM OPTONO3UTPOHUS.

B BBIPOKACHHOM CJjiy4ae, KOraa IOJDKHD OCYHIECTBJIACTCA ABYMA BCTPEYHBIMH HYy4KaMH

*
GOTOHOB C MJIOTHOCTAMM IOTOKOB I u I wu sHeprusamu (OTOHOB,COOTBETCTBEHHO,

*
ho = hog / 2= mcz/ 2 u how =hwy = mc?, craumoHapHBIl MpOLECC yCHIEHHS

OMNMCHLIBAETCS CUCTEMOI! U3 IBYX ypaBHEHUH

2dz dz . . (20)

HHTerpupoBaHHe 3TOM CHCTEMBI MPUBOAMT K TPAHCLIEHACHTHOMY YPaBHEHHIO

Inf| 2241 2IIn +1 21_11_1_
= lgnz + ign =Ii2gnZ8NL
21n +1+?_ 2_IL+1+_2_ 2_I_I_1_+1 (21)
ign H Iign M ign

* * * *
roe [, = Iign I, = (1/2)(Iign - Iout) - yUCTBIH BBIXOA MyuKka | , a Iign U Iign = Iign /,u
[IOTHOCTM BHELIHMX MOTOKOB TMOKUraloIMX (HOTOHOB Ha BXOHE B OOJAaCTh YCHIIEHUS.

Pemenune sTOoro ABHEHHUsI IpPEeACTaBJIEHO Ha uc.2 B BUAC 3aBHCI/IMOC{I‘I/I I I oT
n/ tign

5
napametpa axtusHoctH cpenpt A =17, ¥eNL npu pasmmimbix 3HaYEHMIX acCHMMETPHU

MHTEHCUBHOCTEH MOMKUIaloMX My4koB. BHIHA HEOMHO3HAYHOCTb 3TOM 3aBHCHMOCTH,
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CBHJIETENbCTBYIOIIAs O  JaBUHOOODAasHOM  Pa3sBMTMM  TNPOLECCA  MHAYLMPOBAHHOM

AHHUTUJISLIMY TIPU KPUTHYECKUX 3HAYeHUsIX napamerpa aktueHoct A=A~ 1.

CxopocTHast KOHCTaHTa } , BXOsllas B YPaBHEHMs (20), moxer ObITh MOJy4YeHA

cnemyromum o6pasoM. HauaTe Hao ¢ BHIPaXEHM M BEPOATHOCTH B €IMHUILY BPEMEHMH

CIIOHTAHHOM TPEXKBAHTOBOH AaHHUTWISIIMM C MCITyCKAHUEM IBYX (OTOHOB HaCTOTHI

*
@ = Wy /2 B OOHOM HampaBJeHHWH U TPETHEro ¢oTOHa 4YaCTOTHI @ =@, B

MPOTHBOINOJIOKHOM HANMPaBIeHUH B YaCTOTHBIA MHTEPBA d@ u Tenecumiit yron dQQ

@ dQ
W = W V(0 - Z)dw 7.
4 22)
W
rane W,/ cBsi3aHa c 06paTHBIM BpEMEHEM XXHM3HY OPTONO3UTPOHHUS
1 2z*-9 mc?
A _2A77=9) jeme” 5107
Ty Or hi (23)
CIeayoUM COOTHOIeHHeM [11]
Ws( )= 22 21 3
(7 =9) wy7o (24)

[Ipumenss 3aTeM Tpikasl nepexon ot (12) x (14), mpunaem k BHIPAXEHHIO UL CKOPOCTH
“IIOJTHOCTBIO” MHAYLUMPOBAaHHOM TPEXKBAHTOBOHW AaHHWTWILILMH OPTOMO3MTPOHUA BO

BCTPEYHBIX OTOHHBIX TyYKax

2
| WOg(w- %)Iz(a),k)l*(Za),—Zk)daﬁQ,

dw® =
: 4

25)

OTKyAa AJ1i CKOPOCTHOH KOHCTAaHThl Y MHAyUMPOBAaHHOM aHHMIWIILMK OPTOMO3UTPOHMUS

M10JTy4aceM CJIEAYIOIIEE BLIPAYKCHUE

4 A1

= r

X P -9) 222 (A .

OI.ICHKa HOpOFOBOﬁ TUIOTHOCTH IMMOTOKa& d)OTOHOB MOKUTA0LIEro ny4vka NpuBOaAUT K
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s

o(N, +N) (u+1]"

L. >
e N &y (27

YTO JaeT YpesBbMAiiHO GOMbIIYI0 MOpOroByio ApKocTs liy /(ACOOAQ)=1,5.1034 cm’

crpam , HANEKO BBIXOMSUIYIO 33 TPENENbl BO3MOXHOCTEH COBPEMEHHBIX MCTOYHMKOB
M3MY4eHHs M AENAOIUYI0 NOMKHT HHIYLMPOBARHHOW aHHMTMIIALMM OPTONO3UTPOHHS B

HACTOsILIEe BPeMsl HEPEAIbHBIM.

6. 3akro4yeHue
ITpoBeneHHBII aHAM3 PACKPHIBAET OCHOBHBIE NMPEMMYIIECTBA U HEAOCTATKH METO/R

BHEIIHErO MOKHra BCTPEYHHIMM (QOTOHHBIMM My4KaMH MPOLECCAa HHAYLMPOBAHHON

AHHUTWSILUY ATOMOB MO3UTPOHUA!

e VCTaHABNMBAETCS NPHUCYLIMI JIMIIb NBYXKBAHTOBOMY CTHMYJIMPOBAaHHOMY HCITyCKaHHIO
BO BCTPEUHBIX My4yKaX CTELMabHbI BUJ TMHAMUYECKON PacrpeneseHHOH obpartHoit

cBs13u 6e3 Kakux-1ub0 OTpaXkatoLMX CTPYKTYD.

e HenuueitHocth  obpaTHOM  CBA3M € KO3(Q(HUUMEHTOM,  NPONOPLUHMOHAIBHBIM
MHTEHCUBHOCTH Myuka (OTOHOB, BBI3BIBAET JIABUHOOOPa3sHyl0 aHHHIHMILSILMIO aTOMOB

TMIO3UTPOHMS, CONTPOBOXAAOIIYIOCS HU3Jy4€HHUEM 'MTaHTCKOI'o UMIYJIbCa raMMa KBAHTOB.

e BO03MOXHOCTD HCIHOJIL30BaHUA  PESITUBUCTCKUX  ITy4KOB aTOMOB NO3UTPOHUS

CYLIECTBEHHO CHIDKAET TPeGOBAaHMS K MCTOUHHKY MOKMIAOMX (OTOHOB BCTPEYHOTrO
2

HanpasJenns. TIpi SHEPrM 3/IEKTPOHOB M MO3MTPOHOB MC” Y & 260 Mas (¥ ~ 500 )

NMOpOroBasi CEKTPAIbHO-YTIOBas MIOTHOCTb MOTOKA SHEPIHHM B MOMKUTAIOLIEM IyHKe

0.8 1017 2 -1
COCTAaBJISIET AJIs1 Maparno3uTPOHMA BCIUYHHY V,0. 3B cMm CTpan , momnmajaroiyro B

JAUATa30H pECHTICHOBCKUX JIa3€POB.

e CroHTaHHble (GOTOHBI, MCNYCKaeMble B KaXIOM aKTe€ CIMOHTaHHO-CTUMYJIMPOBaHHON
U3JTy4aTeNbHOW aHHUTHIISILMK aTOMOB TMO3UTPOHUS], BHI3BAHHOH OJHHUM TOJIBKO nepBﬁM
MO/DKUTAIOIIMM MMy4KOM, WACATBbHO MOAXOHAT Ui MOCIEyIOINero YYacTHs B aKTax
JABYXKBAaHTOBOH CTUMYJIHPOBAaHHO-CTUMYJIHMPOBaHHOM aHHUTHISILMK H, CHE0BaTelbHO,

MOTI'YT UrPaTh POJIb BTOPOTO MODKUTAOLIEro My4Ka.
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e OcywecTBieHMI0O NOAOOHOro mpouecca “cé;ronﬂsx MellaeT OTCYTCTBHUE MCTOYHHKOB
MOMKUTAKLIMX raMMa KBAHTOB JOCTaTOMHOM SPKOCTH (I OPTONO3UTPOHMS) H
OOCTATOYHON  IJIMTENBHOCTH  MMIyJbCa (O  TApamo3UTPOHMS) M HO3TOMY
TIPEMMYLIECTBA METOfd BHEIIEHrO MOKHIa MHIYLMPOBAHHON aHHUTHMILILUM aTOMOB
MO3UTPOHUSI MOTYT, MO-BUAMMOMY YCIIELIHO TMPOSBUTLCS JIUIIbL B OKOHEYHOH CTyTEeHH
HMCTOYHMKA raMMa-KBaHTOB (HampuMep, [OC/IE€ PEHTI€HOBCKOro HJIM raMma Jasepa,
PEJATMBUCTCKOrO OHAYJSITOPA WM Jla3epa Ha CBOOOJAHBIX 3JIEKTPOHAX M T. M.) NS
TOJy4eHHs] KPAaTKOBPEMEHHOrO HMITyJbCa raMma (OTOHOB 3HAYMTENbHOM MHUKOBOM

AMIUIUTYABL.

JlanHast paGoTa BbIMOJHEHA OpH 4acTH4HON nomaepxkke Poccuiickoro Ponna
®ynnamenTanbHbix Mcenenosannii (rpant Ne 96-02-17686a) 1 EOARD (mpoextst SPC-96-
4032 u SPC-96-4033).

66




Nurepatypa

W ® N o Lk Wb

—
— O

12.
13.
14.

Dirac P.A M. Proc. Cambr Phil. Soc., 26, 361, 1930
Pusmun JIA. KBanToBas aexTpoHuka, 1, 2065, 1974
Rivlin L.A. Sov. J. Quantum Electronics, 6, 1313, 1976
Rivlin L.A. Sov. J. Quantum Electronics, 8, 1412, 1978
Bertolotti M., Sibilia C. Nuovo Cimento Lett., 21, 261, 1978
Bertolotti M., Sibilia C. Appl. Phys. 19, 127, 1979
Winterberg F. Z. Naturforsch 41a, 1005, 1986

Loeb A, Eliezer S. Laser and Particle Beams. 4, 577, 1986
Rivlin L.A. Sov. J. Quantum Electronics, 24, 261, 1994

. Gadomsky O.N., Krutitsky K. V. Laser Physics §, 127, 1995

. Bepecreuxnii B.B., JTupmuu E.M., Iluraesckuii JLIT. KBanTtoBast JnekrpoanHamuka. M:

“Hayka”, 1980, c.414
Rivlin L.A. Laser Physics S, 297, 1995
Rivlin L.A., Zadernovsky A.A. Laser Physics 6, 956, 1996

Rivlin L.A. 7" Internationl Workshop on Atomic Physics for Ion-Driven Fusion. Oct. 16-
20, 1995, Madrid, Spain

15. Pusnun JI.A. KBanToBas anexktpoHuka, 19, 513, 1992

16. Pusnun JI.A. KBantoBas 3jexTpoHuKa, 23, , 1996
17. Loudon R. The Quantum Theory of Light. Clarendon Press, Oxford 1973, ch. 1.

67




